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ABSTRACT
I. THERMAL RECONSTRUCTION OF MODIFIED
POLY(CHLOROTRIFLUOROETHYLENE) SURFACES
H. CONTROLLED CHLORINATION OF
POLYETHYLENE SURFACES
SEPTEMBER 1990
ELISA M. CROSS, B.S., UNIVERSITY OF DAYTON
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Dr. Thomas J. McCarthy
The thermal reconstruction (80 - 110 °C) of surface-modified films
of poly(chlorotrifluoroethylene) (PCTFE) was studied by contact angle
and x-ray photoelectron spectroscopy. The modified surfaces studied,
synthesized via the reaction of PCTFE with lithium reagents, were
PCTFE-TMO (containing a 10 A thick modified layer of dimethyl-
oxazoline functionality), PCTFE-COOH (produced by hydrolysis of
PCTFE-TMO), PCTFE-OH (30 A and 1100 A thick modified layers),
and PCTFE-OC(0)CH3 , PCTFE-OC(0)CF3 , PCTFE-OSiMe3 , and
PCTFE-OC(0)(CF2)3CF3 (produced by reaction of 30 A-modified
PCTFE-OH). Two reorganization processes are evident - one occurs in
PCTFE-TMO and PCTFE-OH (30 A) for which changes are observed
both by contact angle and XPS; migration of PCTFE units into the outer
10 A is proposed. Another process is evident in the reconstruction of
PCTFE-OC(0)CH3 and PCTFE-OH (1 150 A) for which only a contact
v
angle change is observed; repeat units do not measureably migrate and
rotation is proposed.
The heterogeneous (gas-solid) reaction of polyethylene films with
chlorine gas was studied with the goal of confining the chlorination to the
surface (outer ~ 100 A) of the film. The effect of chlorine concentration,
light intensity, and reaction time on the depth of chlorination (thickness of
the modified layer) and extent of chlorination (density of chlorine
substitution on the PE chain) was studied by XPS, ATR-IR, TIR, and
gravimetric analysis. Chlorination with 1 atm. CI2 in the dark gave a low
extent of substitution (~1 CI per 9 C after 22 h) although the reaction
proceeded deeply into the film. Chlorination with 1 atm. CI2 under UV
or visible light gave more highly chlorinated surfaces (~1 CI per C in 2
min.) and the reaction occurred more surface-selectively. Chlorination
with low chlorine pressures (2-50 mm) was used to prepare samples with
very thin (< 100 A thick) chlorinated layers. A variety of reactions of
the chlorinated (and brominated) polyethylene surfaces were attempted in
order to assess the feasibility of using the surface-confmed alkyl halides as
a reactive handle for the synthesis of other modified polyethylene
surfaces. Although the halogenated surfaces could be partially dehydro-
halogenated (and the resulting double bonds could be brominated or
hydroborated and oxidized) substitution reactions were unsuccessful.
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PARTI
THERMAL RECONSTRUCTION OF MODIFIED
POLY(CHLOROTRIFLUOROETHYLENE) SURFACES
CHAPTER I
INTRODUCTION
Polymer Surface Modification
The chemical composition and topography of the surface region of
polymeric materials are important in most of their applications. Although
the surface properties of polymers have been studied extensively, the
exact depth into a polymeric object which is considered to be part of the
surface region is ill-defined; the surface is generally considered to be that
region which interacts with the outside environment. Modifications
reported as "surface" reactions have reaction depth varying from a few
angstroms to several microns. Surface analytical techniques possess
differing sensitivities and thus define the surface region differently.
Properties which are influenced by the surface characteristics include
adhesion, wettability, permeability, electrostatic charging, frictional
behavior, dyeability, gloss, corrosion, and biocompatibility. Many
modifications have been performed on polymer surfaces in order to alter
the above mentioned properties; these include plasma and corona
discharge treatments 1
,
graft polymerizations,2 -4 oxidations,5 7 reductions
of fluoropolymers,810 halogenations, 11 - 14 sulfonations, 15 - 16 dehydro-
halogenations, 17 - 18 and ozonations. 19 -20 Modification of only the surface
region of a preformed polymer object is of practical interest as the object
may be made to exhibit the desired surface properties while the bulk
properties remain unchanged. In addition to practical interest, polymer
2
surface modification by the above methods is of scientific interest as the
introduced surface functionality would be expected to be influenced by the
two-dimensional nature of its environment and its reactivity and behavior
should be quite different than in traditional solution chemistry.
Despite the importance of surface properties to polymer
applications and their pure scientific value, there has been little in-depth
study of the structure-property relationships of polymer surfaces. One of
the continuing goals of the McCarthy research group has been to
synthesize well-characterized polymer substrates suitable for the
molecular-level study of surface properties. The ideal substrate for these
studies would be a two-dimensional array of functional groups which are
covalently attached to a chemically resistant polymer film. These
substrates could then be used to study the reactivity of these surface-
confined functional groups and observe their effect on the surface
properties of the polymer. An advantage in using resistant polymers as
substrates is that subsequent reactions of the functionality can be carried
out without affecting the bulk polymer. For this reason, fluorinated
polymers have been employed, and the reactions which have been
developed include modification of poly(chlorotrifluoroethylene) with
protected lithium reagents,21 -22 reduction of poly(tetrafluoroethylene)
with benzoin dianion,23 -24 dehydrohalogenation of poly(vinylidene
fluoride),25 '26 and sodium naphthalide reduction of poly(tetrafluoro-
ethylene-co-perfluoropropene).27 These reactions have been studied with
the overall objective of controlling surface properties (wettability,
adhesive behavior, adsorptive behavior) by manipulating the structure of
3
the surface (functionality, orientation, crosslink density, depth of
modified layer).
Surface Orientation and Reconstruction
One important characteristic of a polymer surface is the mobility of
the chains - that is, the ability of the surface to reconstruct in response to
environmental changes. Organic polymer surfaces are uniquely complex
among materials surfaces in that most polymers under many conditions
exhibit dynamic surfaces with chains rotating and reptating on time scales
and dimension scales which depend on the polymer structure and the
environment.28 -30 Surface chain mobility varies greatly from polymer to
polymer; surface regions can have different degrees of crystallinity and
common polymers exhibit glass transition temperatures (Tg) over a
temperature range greater than 400 °C. The environments in which
polymers are used are widely varying and the structure of the polymer
surface component of the polymer-environment interface is environment-
dependent. Polymers are used in contact with vacuum, gases (which may
or may not adsorb onto the surface or diffuse into the polymer), liquids
(which may wet or swell the polymer to varying extents) and solids
(which may be amorphous, semi-crystalline, or crystalline, and may
adhere to the polymer to varying extents). Each of these interactions can
take pkce at various temperatures (in particular, temperatures relative to
the polymer's Tg ). The many factors which affect the surface mobility
make its study complex and preclude generalization between different
polymers and different modified surfaces.
4
The orientation of polymer chains at surfaces is of practical
importance as the desired surface properties can be the result of one
particular surface orientation. Several reviews of the literature regarding
surface orientation are available.28 -30 Homopolymer surfaces can display
different properties by selective orientation of surface functionality which
can vary depending on the processing conditions and/or the
environment. 31 -43 The surface property examined in the majority of these
studies is the wetting behavior. For example, the wetting behavior of
homopolymers has been shown to depend on the solvent from which the
polymer is cast,31,32 the melt-crystallization conditions,33 and the
temperature at which the measurement is performed.34 -35 Other
treatments which change the wetting behavior of homopolymers are
pressing films36 -37 or polymerizing against high-energy metal substrates,38
orienting films by stretching,39 -40 solvent exposure,41 -42 and small-
molecule adsorption.43 In the above reports the differences in wetting
behavior were all attributed to variations in surface orientation. A
variety of homopolymers were used in these studies, including
poly(ethylene),33 -34 -37 poly(propylene),34 -38 -39 poly(styrene),34 -38 -40
poly(chlorotrifluoroethylene),37 poly(dimethylsiloxane),37 poly(ethylene
terephthalate)34 and poly(tetrafluoroethylene).39
For polymer blends or copolymers the surface properties may be
different than expected from the bulk composition due to segregation of
one component at the surface during film preparation or processing, or
reorientation in response to the environment 44
"62 Many of these reports
measure the surface composition by XPS44 51 or surface energy5153 to
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examine the surface segregation which results when films of blends or
copolymers are cast from solution. In general, the component of the
copolymer or blend which has the lower surface energy is found in excess
at the surface. The changes in surface composition of preformed films of
copolymers or blends produced by heat treatment,54-56 molding against
metal surfaces57 -58 or exposure to different chemical environments55 64
have also been studied. Molding a copolymer against a metal results in an
excess surface energy due to concentration of polar groups at the
interface. Heat treatment or exposure of copolymers to differing
chemical environments can result in reorientation of the surface region.
Systems of blends and copolymers which have been investigated with
regard to surface composition include poly(styrene)/poly(ethylene oxide)
diblocks44 and triblocks,45 segmented poly(urethaneureas),46
poly(styrene)/poly(methyl methacrylate) diblocks,47 and bisphenol A
poly(carbonate)/poly(dimethylsiloxane) diblocks48 -53 and blends of
fluoroalkyl methacrylate polymers. 51
Surface-modified polymers can also display different surface
structure and properties. 7 '8 -55 '65 -72 These materials can be regarded as a
blend of unmodified polymer in which the modified chains are
concentrated (initially after the modification reaction, at least) at the
surface. The heterogeneous reaction conditions of surface modifications
suggest that modified polymer chains are blocky copolymers of virgin and
reacted repeat units, and also that structure should vary greatly system-to-
system depending on polymer structure (crystallinity, chain orientation),
modification chemistry (chain cleavage or no chain cleavage) and surface
selectivity (how deeply and uniformly the reaction proceeds). The
6
changes in orientation of chains at the surface of surface-modified
polymers observed in the above reports were produced by aging, 65 68 heat
treatment,55,69-7i or solvent exposure™-?* and were studied by contact
angle55 -65 -6? or XPS. 66 . 69-7i
In addition to the wetting characteristics, other properties have been
shown to depend on the orientation of the chains at the surface. The ease
of adhesion to plasma-modified PE was shown to be reduced by heat
treatment.72 The biocompatibility of poly(urethanes) depends on the
characteristics of the microphase separation at the surface, and is affected
by processing.46."" The shear strength of ABA poly(styrene)-
poly(isoprene) copolymers was found to depend greatly on the bonding
temperature, and this effect was attributed to changes in surface
morphology.54 The retention times of solvents in polymer films used in
inverse gas chromatography depends on the solvent from which the films
are cast, and the differences have been attributed to different surface
conformations. 59
One quantity that has a great effect on the orientation of polymer
chains at a surface is the interfacial free energy; a reduction in free
energy is believed to be the driving force for many of the surface
reorientations mentioned above. Polymer surface modifications are
usually carried out with the objective of increasing adhesion to the
material by increasing the surface free energy through the introduction of
polar surface functionality. However, these modified structures are
inherently unstable with respect to other structures of lower surface free
energies to which the material can relax given sufficient chain mobility.
7
For the same reason that a polar liquid such as water will assume the
shape of lowest surface area, a polymer surface onto which polar
functional groups have been introduced will seek to minimize its surface
energy. This phenomenon, illustrated in Scheme 1.1, referred to as
surface reconstruction or functional group mobility, in which
Scheme 1 . 1 Polymer Surface Reconstruction.
the polar groups are observed to leave the surface and migrate into the
bulk has been described for many surface-functionalized polymers,
including acid-etched polyethylene,55 -66 -67 - 69 polyethylene which has been
treated with a corona discharge,66 -70 -72 copolymers which are molded
against a metal substrate,58 polyvinyl alcohol),65 poly(ethylene-co-
acrylic acid),55 plasma-oxidized poly(propylene),68 and Na/NH3 etched
poly(tetrafluoroethylene).68 The most sensitive way to observe surface
reconstruction is contact angle; indeed, a majority of the reports of this
phenomenon gives only contact angle data. A few reports include XPS
studies.66 -69-71 Less common techniques which can be used to study
surface dynamics include ESR,74 -75 and inverse gas chromatography.76
NMR can be used to study surface motions in particulate systems where
the amount of surface material is high; this technique has been used
8
primarily to study alkyl-derivatized silicas which are important as
chromatography supports.30
Modification of Polvfchlorotrifluoroethylene^ with Protected Lithium
Reagents
The surface chemistry of poly(chlorotrifluoroethylene) has been
studied with the goal of controlling surface properties (wettability,
crosslink density, depth of modified layer). PCTFE film reacts with
/E
F 2 RLi
F
CI
+ 2LiF + RCl
Scheme 1.2 Reaction of PCTFE and Lithium Reagents.
lithium reagents to incorporate their alkyl groups as summarized in
Scheme 1.2.21 -22 Carboxylic acid, aldehyde and alcohol functionality have
been introduced to the surface of PCTFE by using lithium reagents
containing protected functional groups, and the depth of reaction (the
9
thickness of the modified layer) can be controlled by varying the reaction
temperature and solvent composition.22
The surface functionalizations of PCTFE were studied with many
analytical techniques: x-ray photoelectron spectroscopy (XPS), attenuated
total reflectance infrared spectroscopy (ATR-IR), contact angle, scanning
electron microscopy, UV-visible spectroscopy, and gravimetric analysis.
The Cis signal in XPS was particularly useful in studying these reactions
since the peak corresponding to the electron-deficient carbon present in
PCTFE (CF2/CFCI) is well-resolved from the other carbon which is
introduced during the functionalizations. The thicknesses of the modified
layers produced by these reactions were estimated by a combination of
gravimetric analysis, UV-visible spectroscopy, and angle-resolved XPS.
The reaction depth and type of interface obtained depended greatly
on the lithium reagent used.22 Carboxylic acid functionality is
incorporated onto PCTFE surfaces by the reaction with 2-(lithiomethyl)-
4,4-dimethyloxazoline (LiTMO) and subsequent hydrolysis of the
PCTFE-TMO. The reactions which form PCTFE-TMO are
autoinhibiting and surface selective and the thickest modified layer
obtained was 50 A. The reaction goes to completion in the outer 10 A,
with no unreacted PCTFE being found in this region. In contrast, the
reaction which introduces alcohol functionality onto the surface of
PCTFE (the reaction of PCTFE with lithiopropyl ethyl acetaldehyde
acetal) is not surface selective and a much greater variation in reaction
depth could be obtained - from 50 A when reacted at -78 °C to greater
than 1000 A when reacted at -20 °C. When PCTFE-OH is prepared at
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-78 °C it has a reaction depth comparable to PCTFE-TMO prepared at
0 °C; however, this surface is different than PCTFE-TMO in that the
interface between the modified and unmodified regions is not sharp (there
are modified repeat units deeper than 50 A and unreacted repeat units
throughout the outer 50 A).
The reactivity of the surface bound hydroxyls present in PCTFE-
OH has been examined.77 The surface was found to be chemically
versatile and a range of functionalized surfaces were produced. The
alcohols were found to react with many types of reagents, including acid
chlorides, chlorosilanes, and isocyanates, and could be oxidized to
aldehydes and carboxylic acids.
Objective
Polymer surface modifications are usually carried out with the
objective of increasing the surface free energy of the material in order to
permit or enhance adhesion; thus, the migration of functionality away
from the surface is a disadvantage for practical applications of surface
modifications and is of interest to many people. Although polymer
surface reconstruction has been observed in many systems, most studies
have involved only contact angle studies, and little XPS data is available.
The work described in Part I of this dissertation is a study of the
reconstruction which occurs on the functionalized surfaces produced by
the reaction of protected lithium reagents with poly(chlorotrifluoro-
ethylene); the conditions required for and the extent of the polymer
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surface reconstruction have been examined. The surfaces used for the
study of surface reconstruction are shown in Scheme 1.3. These modified
surfaces of PCTFE were thought to be good substrates for the study of
surface reconstruction for the following reasons: 1) the reactions are
surface selective, and very thin (as low as 20 A for PCTFE-COOH
Scheme 1.3 PCTFE Surfaces Used for Study of Surface Reconstruction.
produced at -78 °C) modified layers are produced, 2) in contrast to acid
oxidized and plasma modified films, only one type of functionality is
present on the surfaces, 3) a wide variation in reaction depth can be
obtained by varying the reaction temperature, 4) the surfaces are
chemically versatile, and a multitude of different surfaces can be
prepared, and 5) the XPS Ci s region shows well-resolved peaks due to
PCTFE and other carbon, and can be used to follow the reconstruction.
The motivation behind the work was two-fold: first and most practically,
these modified surfaces are beginning to be used for studies of properties
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such as adsorptive and factional behavior, and the stability of the surfaces
with respect to reorganization over the time periods and under the
conditions in which the samples are handled needed to be examined.
Secondly, it was hoped that fundamental information concerning the
driving force, mechanism and scale of this phenomenon would be
obtained.
Properties of PCTFE
Poly(chlorofluorotrifluoroethylene), and its copolymers with
vinylidene fluoride, are thermoplastic specialty polymers that have found
use in applications requiring high thermal stability, low gas permeability
and resistance to oxidizing agents. The substitution of one of the fluorine
atoms of poly(tetrafluoroethylene) with a chlorine leads to increased
mechanical strength, lower permeability to gases, and better optical
clarity. The chlorine substitution also results in higher critical surface
tension, higher coefficient of friction, lower thermal stability, poorer
electrical properties, and somewhat lower chemical resistance.
Copolymerization of chlorotrifluoroethylene with <5% vinylidene
fluoride gives the polymer better processibility and elasticity.78
Chlorotrifluoroethylene is commercially polymerized by bulk,
suspension and emulsion techniques. PCTFE has excellent resistance to
most acids and bases, although it can be swollen by ethers, and
halogenated and aromatic solvents.79 The crystallinity of the polymer
varies from 40 to 70% with the densities of the crystalline and amorphous
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regions being 2.185 and 2.175, respectively. PCTFE has an index of
refraction of 1.435, and a melting transition of 211-216 °C.7* The
p-transition (commonly associated with the glass transition) has been
reported as 71-99 °C depending on the method of measurement.78 Other
thermal transitions occuring in PCTFE are a (150 °C) and y (-37 °C). The
PCTFE samples used in this work were Aclar 33C, obtained from Allied
Chemical Company.
Surface Analytical Techniques
Due to the relatively small amount of material present in the
surface region (the outer -100 A) compared to the bulk polymer, the
study of polymer surfaces requires special analytical techniques which are
capable of examining only the interfacial region. The techniques used in
this work include x-ray photoelectron spectroscopy, attenuated total
reflectance infrared spectroscopy, and contact angle. The depth sampled
by these techniques varies greatly, from several angstroms for contact
angle to several microns for ATR-IR. The basic theory and sampling
depth for each of these is discussed below. Other analytical techniques
which have proved to be useful but which are not surface selective are
Ultraviolet-visible spectroscopy, and gravimetric analysis. UV-vis is
useful if the surface functionality has a large enough extinction
coefficient. Gravimetric analysis is useful if the reaction produces
measureable mass changes.
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X-Ray Photoelectron Spectroscopy
.
X-Ray photoelectron
spectroscopy (XPS) (also called ESCA, Electron Spectroscopy for
Chemical Analysis) is well established as a means of examining the
chemical composition of surfaces in the range of -10-100 A. 80-82 The
sample to be examined is exposed to a beam of x-rays under ultra-high
vacuum. Electrons are emitted from the sample due to the photoelectric
effect; in XPS it is the core electrons which are analyzed. The
instrument's detector analyzes the kinetic energy of the electrons and
determines their binding energies with the relationship below, where KE
is the observed kinetic energy, BE is the calculated
KE = rr\)-BE-w (1.1)
binding energy, hi) is the energy of the x-rays, and w is the work function
of the spectrometer. As each element has a unique spectrum of electron
energies, the elements present on the sample can be identified.
The surface selectivity of XPS results from the finite escape depths
of the core electrons. Although the x-rays penetrate and cause electrons
to be emitted deep into the sample, only those electrons which are emitted
from atoms near the surface can escape and be counted by the detector.
The mean free path of electrons in solids is generally between 5 and 60
A. 83 The intensity of the signal resulting from atoms a distance d beneath
the surface is attenuated according to the relationship
I = I0 e-dA (1.2)
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where IG is the intensity of the signal for atoms at the interface and X is
the mean free path of the electron. The sensitivity of XPS therefore
decays exponentially, with those atoms directly at the interface
contributing most to the signal. The sampling depth of XPS is commonly
assigned to be 2 or 3 X, but this definition does not carry much meaning
due to the exponential decay of sensitivity. The sampling depth is more
accurately described by calculating the fraction of the signal which
originates within a certain depth. The fraction of the total number of
electrons reaching the detector which originate within a distance d of the
surface is given by:
d
f e-
xA dx
F
= ^ ».3)
f e-
xA dx
o
This relationship can be integrated to give:
F = 1 -e-dA (1.4)
Before this equation can be employed, the geometry of the instrument
must be taken into account. Information about the composition of a
sample as a function of depth can be obtained by changing the take-off
angle; that is, angle between the sample surface and the detector. Scheme
1.4 illustrates two take-off angles: 90° (normal), and 15° (grazing angle).
As the angle between the sample and the detector is reduced, the effective
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sampling depth is reduced by the factor sin 6 and the above equation
becomes
F = 1 - e-dAsin G q $\
The two take-off angles used in this study were 15° and 75°. Using
Equation 1.5 and 14 A as the value for the mean free path of Ci s
electrons 83 it can be calculated that with a 15° take-off angle, 94% of the
electrons detected originate in the outer 10 A. For a 75° take-off angle,
52% come from the top 10 A, and 95% from the top 40 A. By
X-Ray
Source x
"Ray
Source
Scheme 1.4 Sample and Detector Geometry for Variable Angle XPS.
comparing spectra taken at different take-off angles, a profile of
composition as a function of depth can be obtained. However, the
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exponential decay of sensitivity must be taken into account when
quantitative results are desired.
The relative intensities of the signals from different elements in
XPS can be used to give atomic concentrations. However, the peak areas
can not be directly compared; a correction for atomic sensitivity must be
done. The intensity of a signal from a homogeneous sample is given by
Equation 1.6:
I = nfo9y>jVr (1.6)
where n = the number of atoms of the element per volume, f = the x-ray
flux, in photons/cm2
-sec, o= the photoelectric cross-section for the atomic
orbital of interest, 0 = the angular efficiency factor for the instrumental
arrangement, y = the efficiency of photoelectron generation, X = mean
free path of the photoelectron, A = area of sample from which electrons
are detected and T is the detection efficiency of electrons. The factors f,
0, and A should be constants for the instrument, however a, y, X and T
depend on the element measured, and thus make the sensitivity of XPS
different for different elements. The atomic sensitivity factors (S), which
compensate for differences in 0, X, y and T for different elemental
signals, are measured by comparing the intensities of peaks in samples of
known composition (S for Fi s is arbitrarily assigned to = 1.00) using the
equation:
ni Ii/Si
n2 I2/S2
(1.7)
The atomic fraction of any element in a sample may then be calculated as
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Cx =
Ix/Sx
n
Ili/Si
i
(1.8)
Attenuated Total Reflectance Infrared Spectroscopy
. Attenuated
total reflectance infrared spectroscopy84 is a method of obtaining an IR
spectrum of the surface region of a film. This technique has been widely
used on polymers. 85 The sample is mounted against both sides of an
internal reflection element (IRE), as shown in Scheme 1.5, and the IR
beam reflects from the interfaces as it travels through the element. The
radiation penetrates into the sample in the form of an evanescent wave,
with the amplitude of the electrical field being described by equation 1.9,
where E0 is the amplitude of the electric field at the interface, r\ \ and T|2
are the refractive indices of the IRE and sample,
E = E0 exp
(-2nf
A.1
sin26- (1.9)
respectively, X\ is the wavelength of the radiation in the IRE (Vni)» anc* z
is the distance from the surface. 86 Thus, the electric field and the
intensities of observed absorbances are functions of many factors,
including the refractive indices of sample and IRE, depth of the absorbing
moiety, and the wavelength at which the absorbance occurs.
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Scheme 1.5 Sample Mounted on an IRE as in ATR-IR.
The sampling depth of ATR-IR is much greater than for XPS, and
therefore a surface modification reaction must proceed much deeper into
the film before it can be observed by ATR-IR. The sampling depth dp is
defined as the distance at which E = E0 e-1 . 82 Substitution of this into Eq.
1.9 gives the dp as
dp=;
—
\ va (L10)
i w J
Substitution of values for the refractive indices of Ge and PCTFE into
equation (1.10) shows that for PCTFE with a 45° Ge crystal, the depths of
penetration at 3000 cm" 1 and 1500 cm' 1 are approximately 0.22 and 0.43
jam, respectively.
Contact Angle . Contact angle measurements have been used
extensively as a means of characterizing the interfacial free energy of
polymer films. 87 Only the outer few angstroms are sampled by the
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contact angle measurements; it is the most surface-selective technique
available. The more polar the surface is, the lower will be the contact
angle. In this study advancing (6a) and receding (6r) contact angles were
measured, as the water drop size increased and decreased, respectively, as
shown in Scheme 1 .6. The two angles generally are not equal (this is
called contact-angle hysteresis); several explanations for this have been
offered, including surface roughness88 and chemical heterogeneity. 89
Scheme 1.6. Measurement of Advancing and Receding Contact Angles.
21
References
1. Clark, D.T.; Dilks, A.; Shuttleworth, D. in Polymer Surfaces . Clark,
D.T.; Feast, W.J., eds., Wiley, New York, 1978. Chapter 9.
2. Oster, G.; Shibata, O. J. Polym. Sci. 1957, 26, 33.
3. Yamamoto, F.; Yamakawa, S. J. Polym. Sci., Polym. Phys. Ed.
1979,77, 1581.
4. Charlesby, A. Atomic Radiation and Polymers . Pergaman Press,
New York, 1960, Chapter 22.
5. Holmes-Farley, S.R.; Reamey, R.H.; McCarthy, T.J. ; Deutch, J.;
Whitesides, G.M. Langmuir 1985, 1, 725.
6. Rasmussen, J.R.; Stredonsky, E.R.; Whitesides G.M. J. Am. Chem.
Soc. 1911, 99, 4736.
7. Rasmussen, J.R.; Bergbreiter, D.E.; Whitesides, G.M. /. Am. Chem
Soc. 1977, 99, 4746.
8. Dwight, D.W.; Riggs, W.M. J. Coll. Interface Sci. 1974, 47, 650.
9. Barker D.J.; Brewis, D.M.; Dahm, R.H.; Hoy, L.R. Polymer 1978,
19, 856.
10. Jansta, J.; Dousek, F.P. Electrochim. Acta 1981, 26, 233.
11. Nambu, K. J Appl. Polym. Sci. I960, 4, 69.
12. Humbert, G.; Quenum, B.M.; Pham, Q.T.; Berticat, P.; Vallet, G.
Die Makro. Chem. 1974, 175, 1597.
13. Campbell, T.W.; Lyman, D.J. /. Polym. Sci. 1962, 55, 169.
14. Nakagawa, T.; Yamada, S. J. Appl. Polym. Sci. 1972, 16, 199.
15. Masuda, T.; Litt, M.H. J. Polym. Sci. Polym. Chem. Ed. 1974, 12,
489.
16. Gibson, H.W.; Bailey, F.C. Macromolecules 1980, 13, 34.
22
11
' 1987' 47
J ' ;
843
ahn
' ^
Per°eC
' ^ Urban ' MW ' AppL SPectroscoPy
18 Urban, M.W.; Salazar-Rojas, E. Macromolecules 1988, 27, 372.
19. Peeling, J.; Clark, D.T.; /. Polym. Sci. Polym. Chem. Ed 1983
27,2047.
20. Andries, J.C.; Diem., H.E. J. Polym. Sci. Polym. Lett. Ed 1974
72,281.
21. Dias, A.J.; McCarthy, T.J. Macromolecules 1987, 20, 2068.
22. Dias, A.J.; McCarthy, T.J. Macromolecules 1985, 18, 1826.
23. Costello, C.A.; McCarthy, T.J. Macromolecules 1987, 20, 2819.
24. Costello, C.A.; McCarthy, T.J. Macromolecules 1984, 77, 2940.
25. Dias, A.J.; McCarthy, T.J. Macromolecules 1984, 77, 2529.
26. Brennan, J.B.; McCarthy, T.J. Polym. Preprints, ACS Div. Polym.
Chem., 1988, 29(2), 338.
27. Bening, R.C.; McCarthy, T.J. Polym. Preprints, ACS Div. Polym.
Chem. 1988, 29(2 ), 336.
28. Andrade, J.D.; Gregonis, D.E.; Smith, L.M. In Surface and
Interfacial Aspects of Biomedical Polymers: Andrade, J.D. ed.
Plenum: New York, 1986, Vol. 1, Chapter 2.
29. Andrade J.D. Surf. Int. Anal. 1986, 8, 253.
30. Andrade, J.D. Polymer Surface Dynamics . New York, Plenum,
1988.
31. Baier, R.E.; Zisman, W.A. Macromolecules 1970, 3, 70.
32. Baier, R.E.; Zisman, W.A. Macromolecules 1970, 3, 462.
33. Schonhorn, H.; Ryan, F.W. /. Phys. Chem. 1966,70,3811.
34. Petke, F.D.; Ray, B.R. J. Coll. Interface Sci. 1969,37,216.
35. Yuk, S.H.; Jhon, M.S. /. Coll Interface Sci. 1987, 776, 25.
23
36. Carre, A.; Schreiber, H.P. J. Coat. Tech. 1982, 54, 31.
37. Schonhorn, H. Macromolecules 1968 1, 145.
38. Good, R.J.; Kotsidas, E.D. /. Coll Interface Sci. 1978, 66, 360.
39. Good, R.J.; Kvidstad, J.A.; Bailey, W.O. J. Coll. Interface Sci
1971,35,314.
40. Wang, L.-W.; Porter, R.S. J. Appl. Polym. Sci. 1983, 28, 1439.
41. Holly, F.J.; Rofojo, M.F. /. Biomed. Mat. Res. 1975, 9, 315.
42. Kennedy, V.O. /. Coat. Tech. 1988, 60, 37.
43. Tse, J.; Adamson, A.W. /. Coll. Interface Sci. 1979, 72, 515.
44. O'Malley, J.J.; Thomas, H.R. Macromolecules 1979, 12, 323.
45. Thomas, H.R.; O'Malley, J.J.; Lee, G.M. Macromolecules 1979,
12, 996.
46. Takahara, A.; Tashita, J.; Kajiyima, T.; Takayanagi, M; MacKnight,
W.J. Polymer 1985, 26, 987.
47. Sohn J.; Ree, T. J. Appl. Polym. Sci. 1984, 290, 4237.
48. Schmitt, R.L.; Gardella, J.A., Jr.; Magill, J.H.; Salvatti, L. Jr.;
Chin, R.L. Macromolecules 1985, 18, 2675.
49. Pekala, R.W.; Merrill, E.W. /. Coll. Interface Set 1984, 101, 120.
50. Yoon, S.C.; Ratner, B.D. Macromolecules 1986, 29, 4237.
51. Phillips, R.W.; Dettre, R.H. J. Coll Interface Sci. 1976, 56, 251.
52. Schwarcz, A. /. Polym. Sci. Polym. Phys. Ed. 1974, 12, 1195.
53. LeGrand, D.G.; Games, G.L., Jr. Trans. Soc. RheoL 1971, 75,
541.
54. Widmaier, J.M.; Meyer, G.C. J. Appl. Polym. Sci. 1983, 28,
1429.
55. Gagnon, D.R.; McCarthy, T.J. /. Appl. Polym. Sci. 1984, 29, 4335.
24
56. Reardon, J.P; Zisman, W.A. Macromolecules 1974, 7, 920.
57. Pennings, J.F.M. Coll. Polym. Sci 1978, 256, 1155.
58. Pennings, J.F.M. Bosnian, B. Coll. Polym. Sci. 1979, 257, 720.
59. Schreiber, H.P.; Croucher, M.D. J. Appl. Polym. 1980, 25, 1961.
60. Ruckenstein, E.; Gowisankar, S.V. /. Coll. Interface Sci. 1985 107
488.
61. Ruckenstein, E.; Gowisankar, S.V. J. Coll. Interface Sci. 1986, 109
557.
62. Hogt, A.H.; Gregonis, D.E.; Andrade, J.D.; Kim, S.W.; Dankert,
J.; Feijen, J. J. Coll. Interface Sci. 1985, 106, 289.
63. Lavielle, L.; Schultz, J. J. Coll. Interface Sci. 1985,706,438.
64. Anrade, J.D.; Ma, S.M.; King, R.N.; Gregonis. D.E. J. Coll.
Interface Sci. 1979, 72, 488.
65. Dcada, Y.; Matsunga, T.; Suzuki, M. Nip. Kag. Kai. 1985, 6, 1079.
66. Gerenser, L.J.; Elman, J.F.; Mason, M.G.; Pochan, J.M. Polymer
1985,26, 1162.
67. Baszkin, A.; Ter-Minassian-Saraga, L. /. Coll. Interface Sci. 1974,
15, 759.
68. Yasuda, H.; Sharma, A.K.; Yasuda, T. /. Polym. Sci. Polym. Phys.
Ed., 1981, 19, 1285.
69. Holmes-Farley, S.R.; Reamey, R.H.; Nuzzo, R.; McCarthy, T.J.;
Whitesides, G.M. Langmuir, 1987, 3, 799.
70. Everhart, D.S.; Reilley, C.N. Surf Interface Anal. 1981, 3, 126.
71. Everhart, D.S.; Reilley, C.N. Surf. Interface Anal. 1981, 3, 258.
72. Owens, D.K. /. Appl. Polym. Sci. 1975, 19, 265.
73. Ratner, B.D. in Photon. Electron and Ion Probes of Polymer
Structure and Properties . Dwight, D.W.; Fabishi, T.J.; Thomas,
H.R., eds. ACS Symp. Ser., 162, 371.
25
74. Velski, Z.; Miller, W.G. Macromolecules 1977, 10, 686.
75. Berliner, L.J.; Wan, X.; Fujii. /. Polym. Sci. 1986, 24, 587.
76. Kessaissia, Z.; Papiere, E.; Donnet, E.-B. /. Coll. Interface Sci
1981, 79, 257.
77. Lee, K.W.; McCarthy, T.J. Macromolecules 1988, 23, 3353.
78. West, A.C., in Kirk-Othmer Encyclopedia of Chemical
Technology, Wiley-Interscience: New York, 1980, 77, 64.
79. Kel-F 81 Engineering Manual. 3M Company, St. Paul, Minnesota.
80. Clark, D.T. in reference 1, Chapter 16.
81. Muilenberg, G.E. Handbook of X-Rav Photoelectron
Spectroscopy
. Perkin-Elmer Corporations, 1979.
82. Miller, D.R.; Peppas, N.A.; J. Macromol Sci, Rev. Macromol
Chem. Phys. 1986, C26, 33.
83. Clark, D.T.; Thomas, H.R. /. Appl. Polym. Sci. Polym. Chem.
Ed. 1977, 15, 2843.
84. Harrick, N.J. Internal Reflection Spectroscopy. Wiley Interscience:
New York, 1981.
85. Willis, H.A.; Zichy, V.J. Reference 1, Chapter 15.
86. Mirabella, F.M., Jr. Appl. Spectr. Rev. 1985, 27, 45.
87. Andrews, E.H.; King, N.E. in Reference 1, Chapter 3.
88. Huh, C; Mason, S.G. J. Coll Interface Sci. 1911,60,11.
89. Johnson, R.E.; Dettre, R.H. /. Phys. Chem. 1964, 68, 1744.
26
CHAPTER n
EXPERIMENTAL
Materials
3-Bromo-l-propanol (Aldrich) was distilled under nitrogen
from potassium carbonate (60-64 °C, 5 mm) and stored over potassium
carbonate.
Dichloromethane (Fisher) was distilled from calcium hydride.
Ethyl vinyl ether (Aldrich) was distilled under nitrogen
immediately prior to use.
Heptane (Fisher) was distilled from sodium benzophenone; a
small amount of tetraglyme (tetraethylene glycol dimethyl ether) was
added to solubilize the anion.
Heptafluorobutyryl chloride (Aldrich) was purified by freeze -
pump-thaw cycles and trap-to-trap distillation.
Hydrochloric acid (Cone, Fisher) was used as received.
Methanol (Fisher) was distilled from magnesium.
Poly(chlorotrifluoroethylene) was obtained from Allied as 1-
and 5-mil film (Aclar 33C), extracted with refluxing dichloromethane for
30 minutes and dried (< 0.05 mm, 110 °C) for at least 24 hr.
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Tetrahydrofuran was distilled from sodium benzophenone
dianion.
2,4,4-Trimethyloxazoline (TMO) (Aldrich) was distilled from
calcium hydride (70 °C, 160 mm) and stored under nitrogen.
Water was distilled using a Gilmont still and distilled again under
nitrogen.
Trifluoroacetic acid, butyryl chloride, decanoyl chloride,
trifluoroacetic anhydride, acetic acid, acetone, n-butyllithium, t-butyl
lithium, acetyl chloride, trimethylchlorosilane, and dichloroacetic acid
were obtained from Aldrich and used as received.
Materials Handling
All solvents, solutions and distilled reagents were used immediately
or stored for short periods under nitrogen in teflon stopcock-sealed
storage flasks. All transfers of these liquids were done under nitrogen by
syringe or cannula. Solutions were prepared by standard Schlenk
techniques.
Methods
All reactions on polymer film surfaces were carried out under
nitrogen; reactions were not stirred. The experiments were carried out
with commercial PCTFE film samples which were extracted with
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dichloromethane and dried/annealed at reduced pressure at 110 °C for at
least 24 h and then cut to 1 X 2 cm (a convenient size for our analyses).
Product film samples were stored under nitrogen or vacuum prior to
analysis. Contact angle measurements were obtained with a Rame-Hart
telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped
needle. Water was used as the probe fluid to measure advancing and
receding (dynamic) contact angles. The values reported are averages of at
least five measurements made on different areas of the film surface. X-
ray photoelectron spectra (XPS) were recorded with a Perkin Elmer-
Physical Electronics 5100 spectrometer with MgKa excitation (300W).
Spectra were recorded at two angles, 15° and 75° from the film surface
and the reported binding energies are not corrected for charging. Atomic
composition data and peak area calculations were determined using the
instrument's supplied software and programmed sensitivity factors: Fi s ,
1.00; Oi s,0.66; Ni s , 0.42; Ci s , 0.25; Cl2p , 0.53. Attenuated total
reflectance infrared (ATR-IR) spectra were obtained under nitrogen using
an IBM 38 FT-IR and a germanium internal reflection element. UV-vis
spectra were recorded using a Perkin Elmer Lambda 3A spectro-
photometer.
Synthesis of Modified PCTFE Surfaces
Surface modification was done on PCTFE films using reactions
described by Dias 1 and Lee. 2 The reaction scheme is shown in Scheme
2.1.
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Scheme 2.1. Synthesis of Modified PCTFE Surfaces.
Synthesis of PCTFE-TMO . (1.15, 1.16, 1.51, 1.54, 1.55,1 .83,
1.931.101, 1.26, 3.26, 4.76, 5.41)3 The synthesis of PCTFE-TMO has
previously been described in detail and the product was well-
characterized 1 but will be described here as it was done under slightly
different conditions. A Schlenk tube containing a magnetic stir bar was
purged with nitrogen before 0.33 g (2.9 mmoles) of 2,4,4-
trimethyloxazoline and then 10 mL THF were added. The tube was
cooled to -78 °C with a dry ice/acetone bath. Three mL of 0.94 M n-
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BuLi (2.8 mmoles) were added and the solution was stirred at -78 °C for
at least 15 minutes before 24 more mL of THF were added (solution
diluted to 0.05 M). The solution was then warmed to -20 °C and stirred
for 30 minutes (where a yellow color developed) before use in subsequent
reactions. The LiTMO reagent was then warmed to 0 °C for 15 minutes
before being added to a nitrogen-purged Schlenk tube containing a piece
of PCTFE film. The reaction was run for 1 hr at 0 °C at which time
several mL of methanol were added to neutralize the Li reagent. The
films were rinsed with methanol (3 X 30 mL), H2O (3 X 30 mL),
methanol (3 X 30 mL), and dichloromethane (3 X 30 mL), and dried
(0.05 mm, 25 °C) for at least 24 h before being analyzed by XPS, ATR-
IR or contact angle, or before being used for annealing experiments. XPS
data for the synthesis of PCTFE-TMO are included in Table 1 (p.157).
Hydrolysis of PCTFE-TMO to PCTFE-COOH . (3.26, 3.61) The
PCTFE-TMO film was hydrolyzed to PCTFE-COOH using trirluoroacetic
acid in water and acetone. 1 The PCTFE-TMO film was placed in a
Schlenk tube which was subsequently purged with nitrogen, and a solution
of 1 mL trifluoroacetic acid in 10 mL acetone and 10 mL water was
added. The tube was placed in an oil bath and allowed to reflux under
nitrogen for 2 days. After this time the solution was removed and the
film was washed with methanol (3 X 20 mL), water (3 X 20 mL),
methanol (3 X 20 mL) and dichloromethane (5 X 20 mL) and dried (0.05
mm, 25 °C) for at least 24 h. XPS data is included in Table 2 (p. 162).
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Reduction of PCTFF-COOH to PCTFE-CHoOH and Reaction with
Heptafluorobutvrvl Chloride or Triflnoroacetic Anhydride. (3.52) A
sample of PCTFE-COOH film was placed in a Schlenk tube which was
subsequently purged with nitrogen, and 27 mL of THF and 3.0 mL of 1.0
M BH3/THF complex were added. The reaction was allowed to proceed
at room temperature for 24 h; the film was then rinsed with THF (3 X 10
mL) and a solution of 5 mL CH3COOH in 25 mL THF was added. The
reaction was allowed to proceed at room temperature for 24 h at which
time the solution was removed and the film was rinsed with THF (3X15
mL), methanol (3 X 30 mL) and CH2CI2 (3 X 30 mL).and dried (0.05
mm, 25 °C) for at least 24 h.
A sample of PCTFE-CH2OH film was placed in a Schlenk tube
which was subsequently purged with nitrogen, and 15 mL of THF
containing 0.3 g of heptafluorobutyryl chloride or 1 .5 mL of
trifluoroacetic anhydride was added. The reaction was allowed to
proceed for 2 h at room temperature, and the film was rinsed with THF
(3 X 15 mL), methanol (3 X 30 mL) and CH2CI2 (3 X 30 mL) and dried
(0.05 mm, 25 °C) for at least 24 h. XPS data is included in Table 3
(p. 163).
Synthesis of PCTFE-OH. PCTFE-OH was made as described by
Dias. 1 Bromopropyl ethyl acetaldehyde acetal (BrPEAA) was prepared
from 3-bromo-l-propanol and ethyl vinyl ether. The BrPEAA was
reacted with r-BuLi to give LiPEAA, which was then reacted with PCTFE
film and subsequently hydrolyzed to give PCTFE-OH. Films with three
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different reaction depths were produced by the reaction of PCTFE with
LiPEAA under different conditions and used in the surface reconstruction
study: 1) -20 °C, 0.5 h, giving a reaction depth of ~ 1 100 A; (2.45, 2.46,
2.134, 4.105, 5.14, 5.28) 2) -78 °C, 1 h, giving a reaction depth of ~ 50
A, (2.127,) and 3) -78 °C, 5 min., giving a reaction depth of ~ 30 A
(4.105, 5.14, 5.28, 5.44). The PCTFE-PEAA films were hydrolyzed to
PCTFE-OH films by refluxing in a solution of 1 mL HC1 in 10 mL each
methanol and water, for 5 h. The films were then washed with methanol
(3 X 20 mL), water (3 X 20 mL), methanol (3 X 20 mL), and
dichloromethane (5 X 20 mL). XPS atomic composition and contact
angle data for 50 A, 1 100 A, and 30 A PCTFE-OH are given in Tables
4-6, respectively (pp. 164-166).
Reactions of PCTFE-OH. PCTFE-OH films were modified as
described by Lee.3 A film sample was placed in a Schlenk tube and
purged with nitrogen before 20 mL of solvent (THF or heptane) and 0.5
mL of acetyl chloride, heptafluorobutyryl chloride, decanoyl chloride,
butyryl chloride, trifluoroacetic anhydride, or trimethylchlorosilane was
added. After the reaction (at room temperature) was allowed to proceed
for the desired time, the film was washed with the reaction solvent (3 X
20 mL), methanol (3 X 20 mL), water (3 X 20 mL), and dichloromethane
(3 X 20 mL) and dried (<0.05 mm, 25 °C) at least 48 hours before being
used in annealing experiments. Modified surfaces made from 30 A or 50
A PCTFE-OH were analyzed by XPS and contact angle. The
modifications were repeated on 1100 A in order to check the extent of the
reaction with ATR-IR. All reactions were complete as indicated by the
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removal of the OH signal in the ATR-IR spectrum. Reaction times, with
XPS and ATR file names, and notebook references are given in Tables 7
and 8 (pp.167-168).
Annealing of Film Samples in Var.nnm
Film samples were heated under vacuum (<0.05 mm) in either an
Abderhalden drying pistol at 100 °C (refluxing water) or 110 °C
(refluxing toluene) or a vacuum oven equilibrated at 70 °C, 80 °C, 90 °C
or 100 °C. Data obtained at 100 °C in both the drying pistol and the
vacuum oven established that equivalent thermal environments were
produced using both methods. The annealed samples were analyzed by
XPS and contact angle. PCTFE-TMO films were annealed at 70 °C (2.40,
2.86), 80 °C (1.136-1.140), 90 °C (2.6-2.7), 100 °C (1.97-1.125), and
110 °C (2.28-2.29). PCTFE-OH films were also annealed: 100 °C
annealing was performed on films having reaction depths of 1100 A
(L140, 1.144, 2.130, 2.149, 3.8), 50 A (2.114, 2.141, 2.144,2.148,2.150,
3.8) and 30 A (4.145, 5.9, 5.19, 5.20). 30 A-modified PCTFE-OH was
also annealed at 1 10 °C (5.25, 5.26, 5.32-3). Annealing of PCTFE-COOH
(3.101, 3.113, 3.116, 3.119, 3.126) and further modified PCTFE-OH
was also performed. XPS and contact angle data for annealing of
PCTFE-TMO, PCTFE-COOH, PCTFE-OH and modified PCTFE-OH are
given in Tables 1 (pp. 157-161), 2 (p. 160), 4-6 (pp. 16164-167), and 9
(p. 168-169), respectively. Annealing of PCTFE-TMO was also
examined with UV-VIS spectroscopy and gravimetric analysis and the
data is given in Table 10 (p. 170).
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Annealing of Films in Water
£2.63) Annealing of PCTFE-TMO film samples in refluxing water
was carried out in a condenser-jacketed Schlenk tube. Film samples
which were annealed in water were rinsed with methanol (2 X 20 mL)
and then dichloromethane (2 X 20 mL) and dried (25 °C, 0.05 mm) for
24 h prior to analysis by XPS and contact angle. The data is included in
Table 1 (p. 161).
Examination of the Reversibility of PCTFE-TMO Surface Reconstruction
(5.64-5.67) The reversibility of the PCTFE-TMO surface
reconstruction was examined by heating vacuum-annealed films in
refluxing H2O. A sample of PCTFE-TMO film was annealed in a vacuum
oven at 100 °C for 103 h, and then placed in a Schlenk tube containing a
Teflon boiling chip which was subsequently purged with nitrogen.
Twenty mL of H2O were added and the tube was heated to reflux.
Samples were removed after 39 h and 100 h. The films were rinsed in
CH2CI2, and dried (25 °C, 0.05 mm) for 24 h prior to analysis by XPS
and contact angle. The XPS and contact angle data are given in Table 1
(pp. 160).
Re-annealing of Reconstructed PCTFE-TMO
(2.72-2.86) A sample of PCTFE-TMO film was annealed in a
vacuum oven for 5 days at 80 °C. XPS and contact angle data were
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obtained on a portion of the sample, and the remainder was returned to
the vacuum oven and annealed at 110 °C for 48 h before contact angle and
XPS data were obtained. The data are included in Table 1 (pp. 161).
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CHAPTER HI
RESULTS AND DISCUSSION
The thermal reconstruction of functionalized PCTFE surfaces
produced by the reaction of PCTFE with protected Li reagents was
studied by XPS and contact angle. The goal of this work was to look at
the effects of varied annealing environments and temperatures, reaction
depths, and types of surface functionality, on the rate and extent of the
reconstruction. Fundamental knowledge about how and why these
processes occur, as well as practical knowledge about the conditions to
which the films may be exposed, were desired. Film samples were
modified using reported 1 -2 procedures to prepare surfaces with structures
including those indicated below:
PCTFE-TMO PCTFE-COOH PCTFE-OH
PCTFE-OSiCH 3PCTFE-OC(0)CF3
O
PCTFE-OC(0)CH3
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The PCTFE-TMO surface was particularly attractive as a substrate as it
contains nitrogen which would function as an XPS label. In addition,
PCTFE-TMO, PCTFE-COOH, and PCTFE-OH were screened in
preliminary annealing experiments and it was found that PCTFE-TMO
was the most appropriate substrate for our analytical techniques; thus, the
majority of the studies were carried out with PCTFE-TMO.
PCTFE-TMO Structure
An understanding of the initial surface structure of the modified
films is paramount before for interpretation of reconstruction data can be
made. PCTFE-TMO film samples which were used in this work were
prepared by allowing PCTFE film to react with 0.05 M 2-lithiomethyl-
4,4-dimethyloxazoline (LiTMO) in THF at 0 °C for 60 min. The surface-
selective and autoinhibitive nature of these reactions has been discussed. 1
Figure 3.1 shows XPS survey spectra for PCTFE and PCTFE-TMO
recorded at a 75° take-off angle (measured from the plane of the film
sample). The survey spectra indicate the replacement of the PCTFE
repeat units (-CF2-CFC1) with PCTFE-TMO units upon reaction by the
decrease in intensity of the Fi s , Chs. and Cl2p photoelectron lines and
introduction of Ni s and Oi s signals.
The Cis region spectra for PCTFE and PCTFE-TMO are shown in
Figure 3.2. Upon reaction, the high binding energy peak (due to CF2 and
CFC1 in PCTFE) decreases in intensity and a low binding energy peak due
to all of the carbons in the PCTFE-TMO repeat unit appears. The
39
Is Ois N ls C ls Cl2s
2p
PCTFE
1
m
l u
,
PCTFE-TMO
s
1000 800 600 400 200 0
Binding energy (eV)
Figure 3.1. Survey XPS Spectra of PCTFE-TMO and PCTFE.
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PCTFE-TMO Cis spectrum shows CF2/CFC1 at 75° but none at 15° and
thus a comparison of the two spectra can be used to estimate the thickness
of the modified layer. The spectrum recorded at a 15° takeoff angle is
representative of the outer 10 A of the film sample (94% of the
photoelectrons measured are ejected from this region) and indicates that
this region is comprised of entirely PCTFE-TMO units. The calculation
of the fraction of electrons ejected from within a specified distance of the
surface was discussed in the Introduction. The 75° takeoff angle spectrum
represents the composition of the outer 40 A of the film sample (95% of
the photoelectrons measured originate within this region) and indicates
that an appreciable amount of virgin PCTFE repeat units are present in
the outer 40 A. The relative area of these two peaks is indicative of the
ratio of PCTFE:PCTFE-TMO repeat units in this region, but is biased by
two factors which overestimate the amount of PCTFE-TMO present:
1) the sensitivity of XPS decreases exponentially with depth and 52% of
the 75° takeoff angle spectrum is due to photoelectrons originating in the
outer 10 A. The 15° takeoff angle spectrum shows that this region is
essentially only PCTFE-TMO, thus the region between the depths of 10 A
and 40 A is richer in PCTFE than the 75° takeoff angle spectrum in
Figure 3.2 indicates, and 2) the PCTFE-TMO repeat unit contains eight
carbons which contribute to the spectrum and the PCTFE repeat contains
only two, so the analysis is more sensitive to PCTFE-TMO units by a
factor or four.
Based on these takeoff angle-dependent XPS spectra viewed with
regard to the factors discussed above, the inherent surface selectivity of
this type of reaction and other analytical data (ATR-IR and gravimetric
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analyses show no indication of reaction for PCTFE --> PCTFE-TMO) 1 a
model for the surface region of PCTFE-TMO has been developed and is
shown in Figure 3.3. The figure depicts a cross section of the surface
region with small shaded circles representing PCTFE repeat units and
large open circles representing PCTFE-TMO repeat units. The sizes of
the circles are drawn to approximate the relative sizes of the repeat units. 3
The figure is not meant to convey topographical information. The outer
10 A is very rich in PCTFE-TMO and all PCTFE-TMO is confined to the
outer -20 A. The samples contain ~2 "molecular layers" of
PCTFE-TMO.
Contact angle analysis (using water as the probe liquid) indicates
substantial changes in wettability upon conversion of PCTFE to PCTFE-
TMO: 6a/0r (advancing contact angle/receding contact angle) for PCTFE
= 104780°, for PCTFE-TMO = 72725°. PCTFE and all of its surface-
modified derivatives 1 -2 show pronounced contact angle hysteresis. The
origin of this hysteresis is likely a combination of surface roughness,
surface chemical heterogeneity and the reorganization of surface
functionality during analysis. The relative importance of these factors is
unknown. The lower contact angles after reaction indicate that the
reaction increases the surface energy.
Thermal Annealing of PCTFE-TMO
The surface of PCTFE-TMO is stable (shows reproducible contact
angle and XPS data) for weeks at room temperature when stored under
nitrogen or reduced pressure. Upon heating PCTFE-TMO film
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Environment
Figure 3.3. Model of PCTFE-TMO Surface.
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samples at 80-110 °C under vacuum, changes occur in surface structure
which are observed by contact angle and XPS. Figure 3.4 shows
advancing contact angle (8a) data as a function of time of heating at the
various temperatures studied. PCTFE-TMO before heating exhibits 9a =
72°, virgin PCTFE has Ga = 104°. Upon heating, 9a increases indicating
that a reconstruction occurs which lowers the surface energy and
increases the hydrophobicity of the PCTFE-TMO. Receding contact
angles were also measured and were observed to increase upon annealing.
The changes in the receding contact angle paralled the changes in the
advancing angle (as shown in Figure 3.5).
In addition to annealing in vacuum, the PCTFE-TMO films were
annealed in H2O. If, as suspected, the driving force for the reconstruction
is the reduction in surface energy, the chemical environment of the film
surface during the annealing experiment should have a great effect on the
observed changes. In the discussion of surface reconstruction in the
Introduction, it was suggested that reconstruction occurs because the
initial surface structure (with polar groups at the interface) is
thermodynamically unstable; however, it follows that if this interface is
in contact with a polar liquid such as water, the polar groups should be
more stable at the polar interface than in the relatively nonpolar PCTFE,
and reconstruction should not occur. This was indeed the case as no
changes in the film surface were observed when the film was heated in
refluxing water. In addition to showing the importance of interfacial free
energy to the reconstruction, this result shows that the oxazoline groups
remain attached during annealing.
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The scatter in the contact angle data in Figure 3.4 is not due to the
precision of the measurement or to the reproducibility of the heating
conditions, but most likely to the reproducibility of the PCTFE-TMO
synthesis. The thermal reorganizations are very slow at these
temperatures, occurring over days. Film samples heated at 110 °C
showed slight discoloration and increases in absorbance from 190-600
nm, so higher temperatures were not studied. UV experiments at 100 °C
showed that the absorbance at 270 nm did not increase any more for
PCTFE-TMO than for unreacted PCTFE. Gravimetric data taken during
100 °C annealing of PCTFE-TMO show that (after an initial weight
decrease due to residual solvent) the mass of the films remained constant
over the time span in which the reconstruction occurs. The gravimetric
and UV data are shown in Figure 3.6 and are taken as evidence that no
chemical reaction is occurring upon annealing. The 100 °C contact angle
data points in Figure 3.4 are darkened for comparison of these data with
XPS results below. Note that at 100 °C, a "rapid" increase in contact
angle occurs over the first -30 h of heating (0a changes from 72° to 90°)
and little further increase occurs after an additional -200 h of heating.
The fact that the 6a for PCTFE-TMO never reaches the 9a for PCTFE
was the first indication that the reconstruction is very slight - at least some
of the PCTFE-TMO units are still within the very shallow depth sampled
by contact angle measurement.
The contact angle changes upon heating PCTFE-TMO are reflected
by XPS spectra of heated samples. The difference in binding energy of
the carbon peak associated with PCTFE and the carbon which is part of
the PCTFE-TMO units makes the XPS Ci s region sensitive to the surface
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reconstruction. The 15° takeoff angle XPS Ci s spectra for the 1 10 °C
annealing of PCTFE-TMO are shown in Figure 3.7. As described above,
PCTFE-TMO has no virgin PCTFE in the 15° sampling depth, but upon
annealing this high-binding energy peak appears and increases in size as
the annealing proceeds.
XPS can be used to give atomic concentration data, and this data can
also be used to examine the surface reconstruction. Figure 3.8 shows
atomic concentrations determined by XPS for each of the elements present
in PCTFE-TMO as a function of time heated at 100 °C. The spectra used
to calculate these data were recorded at a takeoff angle of 15° and
represent the atomic concentration of the outer 10 A of the film sample.
The changes are those to be expected upon replacement of PCTFE-TMO
repeat units with PCTFE repeat units: fluorine and chlorine increase in
concentration relatively rapidly over the first -30 h and then remain
constant; carbon decreases in concentration relatively rapidly over the
first -30 h and then remains constant. The nitrogen decreases slightly and
the oxygen remains constant within experimental error. One source of
error in these measurements (and likewise all the atomic composition
measurements reported here) is that each data point in Figure 3.8 was
obtained using a different film sample of PCTFE-TMO. The
reproducibility of the PCTFE-TMO synthesis is such that seven samples
gave nitrogen analyses of 4.97, 5.93, 9.68, 4.37, 6.17, 6.08 and 7.93 %
(mean = 6.45 %, standard deviation = 0.80 % ). The scatter in the data
thus reflect this level of synthetic reproducibility. Another problem is
that PCTFE-TMO may be slightly air-sensitive, and the samples for XPS
analysis are mounted in air, making the oxygen analyses suspect. The
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Figure 3.7. Changes in 15° XPS Ci s Region Spectra of PCTFE-TMO with
110°C Annealing.
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Figure 3.8. XPS Atomic Concentration (15°) Changes for 100 °C
Annealing of PCTFE-TMO.
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bottom plot in Figure 3.8 is a plot of %CF2/CFC1 vs. time of heating.
The changes in the Ci s spectra were quantified by curve fitting the peaks.
The data plotted are the percentages of the total carbon which is present as
CF2 or CFC1. This data can be used to demonstrate the effect of
annealing temperature on the reconstruction observed by XPS; the data
for 80-110 °C are shown in Figure 3.9. The final surface structure (the
point at which reconstruction stops), as well as the rate of reconstruction
is observed to depend on the annealing temperature. That the final
surface obtained depends on the annealing temperature suggests that more
than one process is at work; in a simple activated process only the rate of
attaining the final state would vary.
The XPS changes can be used to estimate the surface composition of
PCTFE-TMO after annealing. The amount of PCTFE in the 15° XPS
spectrum after annealing for 50 h at 100 °C indicates that -45% of the
repeat units present in the outer 10 A are PCTFE repeat units. Analogous
data for samples heated for 50 h at 80 °C, 90 °C, and 110 °C, are 17%,
33% and 77%, respectively. Figure 3.10 shows a representation, in the
format of Figure 3.3, of the structure of PCTFE-TMO heated at 100 °C
for >50 h, based on the CF2/CFCI data. The model is intended simply to
illustrate the conclusion that the reconstruction is very slight, with most of
the modified repeat units remaining in the outer 40 A.
A comparison of the rate of reconstruction as observed by contact
angle and XPS was done in order to determine the relative sensitivity of
these two techniques to surface reconstruction. Figure 3.11 shows the
amount of reconstruction observed by contact angle and 15° XPS as a
function of annealing time at 90 °C and 100 °C. Both sets of data indicate
53
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Figure 3.10. Model of PCTFE-TMO After 100 °C Annealing.
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that, within the experimental error in the measurement, the rates of
reconstruction of PCTFE-TMO as observed by contact angle and XPS are
the same. This similarity in rate of change in contact angle and
composition of the outer 10 A as assessed by XPS suggests that the same
molecular level processes are responsible for changes observed by both
techniques. The comparative sensitivity of XPS and contact angle analyses
toward surface reconstruction for this system is very different than what
was observed for oxidized polyethylene (PE-COOH).4 PE-COOH
reconstructs in the same temperature regime as does PCTFE-TMO, but
the carboxylic acid groups diffuse rapidly (in minutes) from the region
assessed by contact angle and more slowly (over several hours) from the
region assessed by XPS. This marked contrast emphasizes the point made
in the Introduction that polymer surfaces should not be generalized. A
major difference between the polyethylene and PCTFE reconstructions is
the relative differences in reconstruction temperature and glass transition
temperature. The Tg of polyethylene is —125 °C, while for PCTFE Tg =
-84 °C. At 100 °C polyethylene is -200 °C above its Tg, while PCTFE is
very close to Tg. Thus it is not surprising that PE-COOH can reconstruct
much faster than PCTFE-TMO. It is likely that the type of reconstruction
observed for PCTFE-TMO is occurring rapidly and reversibly in PE-
COOH at room temperature.
The resulting picture of the molecular level processes responsible
for the surface reconstruction of PCTFE-TMO is vague despite the XPS
and contact angle data described above. It is clear that PCTFE-TMO
repeat units are replaced by PCTFE repeat units at the surface by some
process; that a decrease in surface energy is the driving force is
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supported by the fact that PCTFE-TMO does not reconstruct when heated
in refluxing water and by several experiments described below. The
reconstruction appears to be irreversible as evidenced by the fact that
annealed (100 °C, 100 h) PCTFE-TMO surfaces are unchanged by heating
in contact with water at 100 °C for 100 h. XPS indicates that the thermal
reconstruction involves very short-range events. Virgin PCTFE repeat
units migrate from sub-10 A locations into the outer 10 A, while PCTFE-
TMO repeat units migrate very little - a significant portion of them
remain in the outer 10 A. Comparisons of 15° and 75° takeoff angle
spectra indicate that the outer 10 A region contains more PCTFE-TMO
units than the 10 A - 40 A deep region in all except the most extensively
(110 °C) annealed samples. The PCTFE-TMO repeat units do not migrate
far on the time scale of these experiments - reconstruction appears to
occur for a certain length of time (-50 h at 100 °C) and then stops. Two
possible reasons for the units to stop migrating are: 1) the decrease in
interfacial free energy with further migration is not sufficient to
overcome kinetic barriers, and 2) the modified polymer is not
compatible with virgin polymer.
Several plausible molecular level processes for the observed
PCTFE-TMO reconstruction are shown in Figure 3.12. The migration of
repeat units can be explained by reptation-like motions which bury
PCTFE-TMO units and expose PCTFE units (a) or chain segments
slipping by one another to expose PCTFE and bury PCTFE-TMO (b).
Rotations of PCTFE (c) and PCTFE-TMO (d) units are shorter range
motions which conceivably would not measurably alter the XPS
composition, but could affect the contact angle. That these short range
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Figure 3.12. Possible Reconstruction Mechanisms for
PCTFE-TMO Surfaces.
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motions are occurring will be shown for the reconstruction of PCTFE-
OH (below), and they are likely occurring in PCTFE-TMO as well.
A PCTFE-TMO film which had been annealed at 80 °C was again
annealed, this time at 110 °C. The goals of this experiment were to gain
further information on the importance of surface energy as the driving
force for reconstruction, and to see if the operation of more than one
mechanism for reconstruction could be proven. If the surface energy is
the only driving force for reconstruction, a film which has been annealed
to give a high contact angle (low surface energy) should not reconstruct
further upon subsequent higher temperature annealing. When this
experiment was performed, a film which had been annealed 5 days at 80
°C was observed to reconstruct, both by contact angle and XPS, upon
annealing for 48 h at 110 °C. The contact angle (9a/er) increased from
85/47 to 95/54, and the amount of the Ci s signal due to CF2/CFCI
increased from 9 to 35%. The surface composition and contact angle of
the film (annealed 5 days at 80 °C, then 48 h at 1 10 °C) was the same as if
the film had been annealed 48 h at 1 10 °C; apparently the pre-annealing
at 80 °C had no effect on the final surface obtained. Two possible
outcomes of this experiment which would have allowed conclusions to be
drawn are: 1) no change by contact angle or XPS, which would have
shown that reconstruction only occurs to reduce surface energy, and 2) a
change in XPS but no change in contact angle, which would show that
reconstruction occurs due to thermal motions of the polymer, regardless
of the surface energy. Because both the contact angle and XPS
composition changed upon re-annealing the film at 110 °C, no conclusions
were drawn from this experiment.
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Annealinp of PCTFE-COOK
Annealing experiments (100 °C) were performed on PCTFE-COOH
which was prepared by hydrolysis of PCTFE-TMO,* and the results were
assayed by XPS and contact angle. The contact angle increased
appreciably with heating (Figure 3.13), at a greater rate than for PCTFE-
TMO. XPS gave little useful information and was compromised by two
factors: 1) the incomplete hydrolysis of PCTFE-TMO (not all of the
nitrogen is removed during reaction), and 2) the COOH carbon peak is
not resolved from the CF2/CFC1 carbon in the Ci s spectrum. The 15°
take-off angle XPS atomic concentrations of C, F, CI, O and N (Figure
3.14) did not change within experimental error (at either 15° or 75°
takeoff angles) after heating at 100 °C for 150 h. The high binding
energy photoelectron line in the Ci s spectrum at 15° take-off angle
decreased in intensity slightly indicating that PCTFE-COOH repeat units,
are likely migrating from the outer 10 A; however, no quantitative
information can be obtained from this change since the observed
differences are a probably a combination of an increase in CF2/CFCI and
a decrease in COOH.
Annealing of PCTFE-OH
Annealing experiments were done on PCTFE-OH in order to
observe the effect of the thickness of the modified layer on the surface
reconstruction, and also to compare the behavior of differently
functionalized surfaces. The PCTFE-OH surfaces were made by the
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Figure 3.13. Advancing Contact Angle Changes upon Annealing of
PCTFE-COOH and PCTFE-OH. a) 30 A PCTFE-OH, 100 °C,
b) 30 A PCTFE-OH, 1 10 °C, c) 1 100 A PCTFE-OH, 100 °C,
d) PCTFE-COOH, 100 °C.
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reaction of PCTFE films with lithiopropyl ethyl acetaldehyde acetal and
subsequent hydrolysis of the acetals to alcohols with HC1. PCTFE-OH
surfaces with widely varying modified layer thicknesses were produced
by taking advantage of the effect of temperature on this reaction, and the
differences in annealing behavior were studied. The reasons for the effect
of temperature on reaction depth have been discussed, i In addition, the
PCTFE-OH surface is chemically versatile, and a range of modified
surfaces have been produced.3 The annealing behavior of several of these
modified PCTFE-OH surfaces was examined in order to gain insight into
the relationship between surface structure and mobility.
PCTFE-OH surfaces with very different reaction depths were used
in the study of reconstruction; the Ci s XPS and ATR-IR spectra of two
of these surfaces are shown in Figure 3.15. The more shallowly modified
surface was prepared at -78 °C with a 5 min. reaction time; these
conditions yield an average reaction depth (determined by UV
absorbance) 1 of ~ 30 A. Films with an estimated reaction depth of 50 A
were also synthesized (-78 °C, 1 hr) and were used in some experiments;
however, due to the great effect of reaction thickness on the observed
reconstruction (see below), PCTFE-OH with the thinnest possible reaction
depth (30 A) was made and used for the majority of the experiments with
PCTFE-OH. This surface-modified material differs from PCTFE-TMO
in that the interface between modified and unmodified regions is not sharp
(there are modified repeat units deeper than 30 A and unreacted repeat
units throughout the outer 30 A). The 15° takeoff angle Cl s XPS
spectrum shows that 14% of the carbon in the outer 10 A is present as
PCTFE repeat units (29% of the repeat units are -CF2-CFC1-). The other
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Figure 3.15. Difference in Reaction Depth for PCTFE-OH Prepared at
-20°C and -78°C, by ATR-IR and XPS.
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PCTFE-OH surface studied was prepared at -20 °C with a 30 min.
reaction time; the average reaction depth for this surface is estimated to
be
-1150 A. As shown in the 15° XPS Cl s spectrum (Figure 3.15), this
sample contains almost no PCTFE repeat units in the outer 40 A. The
ATR-IR spectra also reflect the difference in reaction depth shown by the
two surfaces, as a significant hydroxyl peak is observed for the 1150 A
surface; no O-H peak is observed for the 30 A sample.
Annealing studies of the 30 A-modified PCTFE-OH were carried
out at 100 °C and 1 10 °C. The contact angle changes are shown in Figure
3.13 (a,b), and the 15° take-off angle XPS data for 110 °C annealing are
shown in Figure 3.16. The XPS spectra showed changes in atomic
composition and an increase in %CF2/CFC1 similar to those observed for
PCTFE-TMO and described above. The data are interpreted similarly:
PCTFE repeat units migrate into the outer 10 A and PCTFE-OH repeat
units migrate from the outer 10 A. After -20 h of heating at 1 10 °C the
reconstruction is complete (or continues very slowly) and the outer 10 A
is composed of 43% PCTFE repeat units and 57% PCTFE-OH repeat
units. The majority of the PCTFE-OH units originally in this region
remain there, even after many hours of annealing.
The thickness of the modified layer was observed to have a great
effect on the surface reconstruction behavior. The 1150 A-modified
PCTFE-OH was annealed at 100 °C; no changes were observed by XPS
or ATR-IR even after 288 h of heating. The contact angle does change,
although more slowly than for the 30A-modified surface as shown in
Figure 3.13. The observation of a contact angle change but no changes in
XPS is important in that it indicates that under some circumstances contact
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Figure 3.16. XPS Atomic Concentration Changes for 1 10 °C
Annealing of 30A PCTFE-OH.
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angle is more sensitive to reconstruction than XPS. The reconstruction
occurring must be very short range; rotation of PCTFE-OH units, as
described in Figure 3.12, to bury the polar hydroxyl groups is a plausible
process for this reconstruction. This surface is able to reduce its surface
energy by a mechanism which does not involve migration of PCTFE units
into the XPS sampling depth.
An attempt was made to prepare another hydroxylated surface by
reduction PCTFE-COOH to PCTFE-CH2OH with BH3/THF complex.
The goal of this reaction was to make a hydroxylated surface which would
exhibit the same reaction depth and functional group density as PCTFE-
TMO; direct comparison between the reconstruction behavior of PCTFE-
TMO and PCTFE-OH could then be made. Although the reduction
appeared to work (the expected decrease in the intensity of the high
binding-energy Ci s peak due to conversion of COOH to CH2OH was
observed), the resulting hydroxyl groups did not react with either
heptafluorobutyryl chloride or trifluoroacetic anhydride. Trifluoroacetic
anhydride is a particularly effective XPS label for hydroxyl groups as a
well-resolved CF3 signal is observed; no such peak was observed for
reaction with PCTFE-CH2OH, and this line of research was thus
abandoned.
Annealing of Further Modified PCTFE-OH
The goal of annealing experiments on surfaces produced by the
modification of PCTFE-OH was to examine the effect of the size and
polarity of the surface functionality on the rate and extent of the
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rearrangement. PCTFE-OH (30 A) was further modified to yield
PCTFE-OC(0)CH3 (9a/er = 79747°), PCTFE-OC(0)CF3 (6a/er =
100765°), and PCTFE-OSiMe3 (Ga/9r = 90758°). In addition, PCTFE-
OC(0)(CF2)CF3 (9a/er = 110/65) was made from 50 A PCTFE-OH. The
syntheses of the modified surfaces was verified by repeating the reactions
on 1 150 A PCTFE-OH for which ATR-IR spectra could be obtained.
The changes in the Ci s spectra which occur upon esterification of 30 A
PCTFE-OH are shown in Figure 3.17.
The modified film samples were heated at 100 °C for -100 h and no
changes in XPS occurred in any of them. The contact angles were
likewise unchanged for PCTFE-OC(0)CF3 , PCTFE-OC(0)(CF2)CF3 and
PCTFE-OSiMe3 , but increased for PCTFE-OC(0)CH3 . This material
was studied further and the contact angles (9a/G r) were found to change
from 79747° to 90756° upon heating at 1 10 °C for 98 h. The XPS
spectra showed no changes after this treatment. The reconstruction of
PCTFE-OC(0)CH3 is similar to what was observed for the 1150 A-
modified PCTFE-OH - a change in contact angle but not in XPS data,
indicating that a very short-range reconstruction has occurred. The
observation that PCTFE-OC(0)CF3 and PCTFE-OSiMe3 did not
reconstruct even by contact angle suggests that a sufficiently high surface
energy is necessary for surfaces to reconstruct.
Summary and Conclusions
Poly(chlorotrifluoroethylene) film samples containing sufficiently
polar functional groups in the outer 10 - 30 A reconstruct when heated to
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PCTFE-OC(0?CF3
OSi(CH3 )3J*
PCTFE-OSiCHj
0^c^CH3
PCTFE-OC(0)CH 3
PCTFE-OC(0)(CF2)CF3
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Figure 3.17. XPS Ci s Region Spectra for Modified PCTFE-OH
Surfaces.
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-100 °C to yield lower energy surfaces. At least two processes are
responsible for this reconstruction. One involves the migration of virgin
PCTFE (-CF2-CFC1-) repeat units from a region below 10 A deep into
the outer 10 A and concomitant migration of the polar modified repeat
unit from the outer 10 A into a deeper region. This process is observed
for PCTFE-TMO and PCTFE-OH (30 A) by contact angle and grazing
(15° takeoff) angle XPS analyses. The distance scale of this process is
small: the majority of the modified repeat units initially present in the
outer 10 A remains there; the average distance the modified repeat units
migrate increases with temperature. A shorter distance scale process
which is likely rotation of repeat units was observed when PCTFE-OH
(1150 A) and PCTFE-OC(0)CH3 were heated; it is likely also operative
in PCTFE-OH and PCTFE-TMO. This process is observable by contact
angle, but not XPS.
71
References
L Dias, J.; McCarthy, T.J. Macromolecules 1985, 18, 1826.
2. Lee, K.-W.; McCarthy, T.J. Macromolecules 1988, 21, 2318.
3. The volumes of PCTFE and PCTFE-TMO repeat units were
calculated to be 92 A3 and 258 A3, respectively, using the density
of PCTFE (2.1 g/cm3) and assuming a density of 1.0 g/cm3 for
PCTFE-TMO. The figure is drawn to represent cross sections of
spheres with these volumes (diameters of 5.6 and 7.9 A).
4. Holmes-Farley, S.R.; Reamey, R.H.; Nuzzo, R.; McCarthy, T.J.;
Whitesides, G.M. Langmuir 1987, 3, 799.
72
PART II
CONTROLLED CHLORINATION OF POLYETHYLENE SURFACES
73
CHAPTER IV
INTRODUCTION
The main focus of the McCarthy research group to date has been
developing synthetic routes to chemically modified polymer film surfaces
with the objective of preparing substrates that have macroscopic surface
properties (e.g. wettability, adhesion, coefficient of friction) that can be
controlled with organic chemistry. i-» The strategy has been to introduce
a versatile reactive handle upon which further chemistry can be carried
out so that surfaces can be prepared which differ only in their surface-
chemical nature; structure-property correlations can then be drawn.
Poly(chlorotrifluoroethylene) has been modified by the introduction of
alcohol functionality; 1 the hydroxyl functionality has been used as a
reactive handle for the conversion of this surface into a range of modified
surfaces, and adhesion has been found to be controllable by surface
chemistry. 5 Other uses of reactive handles for surface modification
include the functionalization of poly(tetrafluoroethylene) by reaction of a
reduced layer produced by reduction with benzoin dianion,6 7
functionalization of PVF2 by reaction of double bonds produced by
dehydrohalogenation with diazabicycloundecane,8 and functionalization of
FEP by reaction of reduced surfaces produced by reaction with sodium
naphthalide.9 In the past, efforts have been focused on fluorinated
polymers because of their chemical inertness ( it is easy to confine
chemistry to the reactive handle), but recently effort has been made to
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expand the scope to more reactive (and more common) polymers such i
polypropylene, 1 ** polyethylene, and poly(ether-ether-ketone) (PEEK). 11
Polyethylene and Polypropylene Surface Modification
The literature of polyethylene surface chemistry is extensive and
includes oxidation, 1 * gas discharge treatments, 13-^ carbene, nitrene and
sulfur atom insertions, 1*^ radiation grafting, 1 ? and halogenation.20-28
Most of these reactions either introduce multiple functionality, or affect
the physical integrity of the film, neither of which are acceptable for
preparation of the type of well-characterized surfaces required for studies
of structure-reactivity and structure-property correlations. The
chemistry of oxidized polyethylene 12 is well-developed and is based on the
carboxylic acid (produced by oxidative chain cleavage) as a reactive
handle; however, the oxidation reaction introduces several different types
of oxygen functionality, cleaves the polymer chain producing
fragmentation, and proceeds deeply into the film. Polypropylene has also
been surface modified, with halogenation,20-29 30 gas discharge
treatments, 31 *32 sulfuric acid,33 and chromic-sulfuric acid,33 35
hydroperoxide-catalyzed oxidation,36 ozone treatment,37 -38 graft
polymerization,39 41 and oxidation by a thin film of vapor deposited
copper.42
One reaction which would not be expected to introduce multiple
functionality or fragmentation on polyethylene is photohalogenation. The
halogenation of PE and PP has been quite extensively studied (see below).
A generic picture of the use of alkyl halides produced by surface
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halogenation as a reactive handle is shown in Scheme 4.1. Despite the
large body of work on halogenation of these polymers, the halogenation
of films has not been characterized by surface techniques with regard to
the effect of reaction conditions on the depth of reaction. If halogenation
can be confined to the surface of the film, the surface properties may be
altered without affecting the bulk. Although the goal of this work was to
make functionalized surfaces of PP or PE by doing chemistry on the
halogenated surfaces, the halogenation itself does alter the properties of
the polymer (in particular the permeability^) and is in itself a useful
surface modification.
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Scheme 4.1. Use of Alkyl Halides (Chloride Used as an Example)
as a Reactive Handle for Functionalization of PE Surfaces.
Objective
The work reported here is a study of the heterogeneous (gas-solid)
chlorination (and to a lesser extent bromination) of PE films with the aim
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of developing conditions which limit the reaction to the surface (outer 10-
100 A) of the film. Some studies were also performed with
polypropylene films. The reactivity of the resulting halogenated PE
surfaces and thus the utility of alkyl halides as a reactive handle has also
been examined. In order to show complete control over the halogenation
reaction, control over two variables was desired: 1) the depth of
halogenation (thickness of the modified layer), and 2) the extent of
halogenation (the density of C-X bonds along the polymer chain). Four
"extreme" types of surfaces were envisioned and are illustrated in Scheme
4.2 - type I - a thick layer of densely halogenated chains; type 2- a thick
layer of lightly halogenated chains; type 3 - a thin layer of densely
halogenated chains, and type 4 - a thin layer of lightly halogenated chains.
A preliminary account of portions of this work has been reported.44
Free-Radical Halogenation
Free-radical halogenation of alkanes is an extremely old and well
known reaction, and has been reviewed many times.45 -48 When alkanes
are exposed to visible or UV light in the presence of Br2 or CI2
halogenation takes place as a chain reaction (shown below), initiated by
the photo-dissociation of CI2 or Br2. Fluorination is generally too fast,
and iodination too slow to be synthetically useful. The order of
H-abstraction is 3°>2°>1°, so with polypropylene the 3° H should be the
first to be substituted. However, for chlorination the selectivity is low
(1°:2°:3° = 1:4:6)47 and chlorination is of limited use as a mixture of
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initiation
propagation
termination
X2 > 2 X-
RH + X- > HX + R.
R- + X2 > RX+ X
2 R. > R-R
2 X- > X2
R. + X- > R-X
products (or polyhalogenated products) are obtained even if a large excess
of hydrocarbon is used. The selectivity decreases with increasing
temperature. The reaction is tolerant of other functionality on the
substrate, although hydrogens in the region of strong electron
withdrawing groups are much less susceptible to abstraction.47 Cleavage
of C-C bonds is sometimes a side reaction during halogenation;
fragmentation occurs to a great extent during fluorination and to some
extent for chlorination.47 The selectivity of a CI or Br atom towards
hydrogen abstraction also depends on the reaction solvent; aromatic
solvents, which form a 7C-complex with the halogen, give particularly high
selectivity.49
As well as rate differences, chlorination and bromination of alkanes
proceed differently for several other reasons. Bromination is much more
selective than chlorination ( 3°:1° = 2000: l)46 ; the selectivity difference
reflects the difference in H-X bond energy. In addition, with
bromination, anchimeric assistance leads to the activation of the
hydrogens p to Br. An enhanced reactivity of the 2 position of alkanes is
7Q
observed (called the co-1 effect) and is attributed to increased stability of
the resulting radical due to hyperconjugation effects. Chlorination,
because of its larger exothermicity, is less sensitive to the character of the
carbon radical produced by H- abstraction.47
In addition to Cl2 and Br2
,
many other halogenating agents have
been studied, including N-chloroamines,50 N-chlorosuccinimide,5 i
N-chlorophthalimide,52 trichloromethanesulfenyl chloride,53
phosphorous(V) chloride,54 t-butyl hypochlorite^ iodobenzene
dichloride,56 and sulfuryl chloride.57 These reagents are usually initiated
thermally or with peroxides. Halogenations with these reagents show
varying selectivity towards hydrogen abstraction, depending on the
structure of the abstracting radical. Some of these halogenating agents
have been used with polyethylene, including sulfuryl chloride,58 oxalyl
chloride,58 and phosgene.59
Halogenation of Polyethylene and Polypropylene
As mentioned above, chlorinated polyethylene can be made (and is
commercially produced) by chlorination with the polymer in suspension60 -
67 or solution in chlorinated solvents.66 72 Most of the reports are in the
patent literature.62 65 -68 -72 UV irradiation is generally used to initiate the
reaction, although chlorination has been achieved in the dark, at 150°C.66
The method of chlorination has a large impact on the distribution of
chlorine, which in turn affects the properties. In heterogeneous
chlorination, the chlorination takes place in the amorphous regions and
crystal surfaces, with crystallinity persisting even when the polymer is
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highly chlorinated.6o.6i The polymer is thus a block copolymer of CPE
and PE. In solution, however, the chlorination is much more evenly
distributed.60,61 X-ray diffraction gives evidence for the difference in
chlorine distribution: PE chlorinated in suspension retains a paraffin-like
pattern up to a chlorine content of 50%, compared with 35% for solution-
chlorinated PE.60 Analysis by NMR73-79 shows that the amount of CC12 is
greater for suspension vs. solution chlorinated polymer of the same %C1,
indicating a less random distribution for suspension chlorination. In
addition to the randomness of chlorination, the tacticity of the CPE
produced has been studied and proposed to depend on the chlorination
conditions. 73 The chlorination of PE, even in solution, is observed to stop
at a chlorine content of 68-73% CI by weight, which corresponds to 1 CI
per C. This amount of chlorine corresponds to a repeat unit of C2H2CI2.
Several IR studies have been done which conclude that no CCI2 is
observed,80-82 and thus the repeat unit must be -[CHC1]-. Bromination of
PE has not been studied as extensively as chlorination. Bromination of
PE in suspension is very slow, giving only 12 % Br (39 CH2 per CHBr)
after 250 hours. 83 Bromination of single crystals occurs selectively on the
fold surfaces and has been used to study the nature of the fold
conformation. 26 -28 -
Polypropylene has been chlorinated in suspension, and a polymer
with up to 70% CI content was obtained,84 however polypropylene is also
known to degrade upon chlorination. For example, chlorination at 60 °C
to a chlorine content of 40 % was reported to have decreased the polymer
molecular weight from 24,000 to 3,000. 85 The structure of chlorinated PP
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has been studied by IR spectroscopy." Bromination of PP fibers was
shown to improve dyeability.29
Chlorination,2o-23 bromination22 and fluorination24 .25 0f PE and
chlorination of PP30 have also been performed as a heterogeneous
(gas/solid) reaction on films. UV irradiation is generally used although it
was found that visible light also produced chlorination.20 In most of these
reports the amount of halogenation on the films was determined by
elemental analysis2022 or by x-ray fluorescence24 and thus the depth into
the film that halogenation was occurring was not determined. For
bromination and chlorination of PE, it was noted that reaction occurs
mainly on the surface, as much more halogenation was observed with
ATR-IR than with TIR,22 but the surfaces were not studied by XPS nor
was the dependence of reaction depth on reaction conditions examined.
The fluorination of PE surfaces has been well characterized by XPS (with
regard to assignment of Ci s peaks)24 -25 but no such study exists for
chlorination or bromination. The diffusion of Cl2(g) into the PE films is
believed to be the rate-determining step for the chlorination of PE
films.22-23 The wettability of chlorinated PP films was studied as a
function of chlorination pressure, and the XPS spectrum of a chlorinated
polypropylene film is reported,30 but as for PE the effect of light intensity
or chlorine concentration on reaction depth was not examined.
Properties of Chlorinated Polyethylene
The substitution of one or more of the hydrogens in the
polyethylene repeat unit with chlorine changes its properties substantially.
82
Commercially, chlorinated polyethylene (CPE) is used primarily in blends
with PVC and other polymers. The CPE acts to improve the impact
strength, as well as the electrical and permeability properties of the
blend.87 The chlorine content and distribution have a great effect on the
properties such as modulus, Tg , solubility, dielectric constant, and
permeability. Upon solution chlorination the modulus of the polymer
decreases to a minimum at 35-40% CI (by weight) but then rapidly
increases above 50 %C1.88 The modulus, tensile strength, and
crystallization temperature depend not only the %C1, but also on the
chlorination method (solution vs. heterogeneous). 88 Thermal transitions
also depend on the amount of CI in the polymer. 89 -90 The p-type
transition (sometimes assigned to the Tg) varies with CI content from -
20 °C, when CI is less than 30%, to 10 °C for 48-50 %C1. 89 The
solubility of PE increases upon chlorination; PE-C1 with CI greater than
40% is soluble in chlorinated hydrocarbons, aromatics, and polar
solvents.91 *92 The dielectric constant of PE-C1 increases with increasing
chlorine content up to a maximum at 35-40% CI, and then decreases.93 In
addition to the chlorine content and distribution, the tacticity of the
polymer can also affect the properties; thermomechanical analysis
(TMA), differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) of CPE display differences dependent on the tacticity. 94
The gas permeability is also greatly changed by chlorination; this
property will be discussed below.
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Gas Diffusion into Polymers
In the heterogeneous (gas-solid) reaction of Cl2(g) with PE films,
the characteristics of the diffusion of chlorine gas into the film need to be
considered, as they may affect the rate of reaction and the depth profile of
the halogenation. The gas permeability of polymers has been quite
extensively studied,43.95.96 and has great mdustrial ^0^^ particularly
to the food packaging industry. The permeability of polymer fibers and
films to gases is related to the segmental chain mobility; polymers with
high cohesive energy, chain rigidity and Tg are generally of low
permeability.43 Crystallinity and crosslinking also reduce permeability.43
When a film is placed in contact with a gas a concentration gradient is
established, and the rate of flux (mass diffusing across a unit area/time) of
gas into a film is given by Ficks 1 st Law (eq 4.1) if a steady state
„ 5c
"
=
8x (*•«
(concentration invariant with time) exists, where D is the diffusion
coefficient. For a non-steady state situation, the change in concentration
with time and a point x is given by Ficks 2nd Law (4.2,
8c 8^c
given for diffusion in x-direction only). Systems which obey these laws
exhibit "Fickian diffusion." When a film of thickness L and area A
separates two chambers, and a gas is introduced to one side, the gas will
permeate from the high pressure chamber to the low pressure side. A
certain amount of time (x, the "time lag") is required for the steady-state
84
to be reached, but after this time a linear relationship exists and the
amount of gas to permeate the film (Q) is given by:
Q = -~±(i _ p6D (4.3)
where C is the concentration of permeant at the face of the film. When Q
is plotted vs. time, the time lag (x) is the intercept on the time scale, or:
L2
T = 6D (4.4)
This relationship is the basis of the "time-lag method" of determining
diffusion coefficients. When the pressures at both sides of the film are
appreciable, Fick's 1st Law gives ^ total amount 0f permeant as:
-DAt(C 2 -Ci)0=
l (45)
where Ci and C2 are the concentrations of permeant at faces 1 and 2. The
concentration of permeant at the surfaces of the film (Ci,C2) is usually
related to the gas pressure (p) using Henry's law(4.6) where K is
K = ~ (4.6)
the solubility coefficient. Thus eq. 4.5 can be written as
Q =
-DKAt(p2-p,)
(4?)
The membrane properties of films are sometimes described by the
permeability coefficient, P, which equals DK. For the situation used for
chlorination of films - diffusion from both sides into a film - Fick's 2nd
law can be solved (with neglect of diffusion into film edges) to give
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Moo" L (4-8)
eq. 4.8 (M*. = mass uptake at equilibrium), and thus mass uptake
experiments can be used to measure D.
The gas-permeation behavior of polymers is often quite
complicated as the diffusion coefficient usually changes as the penetrant
enters the polymer; the penetrant may act to plasticize the polymer. 96 The
diffusion coefficient may also depend on the gas concentration, position or
time, and varies greatly with temperature due to relaxation and transition
effects.96 If the diffusion coefficient is a constant, the diffusion is "ideal
Fickian". If the coefficient varies only with concentration, it is "non-ideal
Fickian", and if it varies with time or position, the diffusion is then "non-
Fickian."97 The permeability of polyethylene to N2, O2, and CO2, with
regard to the effects of crystallinity, has been characterized.98 The gas
permeability of CPE is greatly affected by chlorine content. Chlorinated
polymers are very impermeable to gases and are often used as barriers.
The replacement of one hydrogen of the PE repeat unit with a chlorine to
give PVC lowers the oxygen permeability coefficient from 480 to 8.0
(cm3/ml day 100 in2 atm).43 This reduction in permeability is attributed
to the increases in polarity and chain stiffness (Tg ). With chlorination of
polyethylene, however, the permeability (to O2 and H2O) is first observed
to increase, reaching a maximum between 10 and 35 %C1, and then
decrease.99 This %C1 is a very low amount of substitution (the repeat unit
is -[(CH2)5CHC1]- for 35 wt% CI and -[(CH2)22CHC1]- for 10 wt%); a
very small amount of CI has a great effect on the permeability. The
reduction in permeability to O2, CO2, and CI2 which occurs during
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chlorination of PE films has been studied; after chlorination the
permeability was 1/21, 1/30 and 1/100 of the value for PE, respectively.20
The case of the diffusion of chlorine into films is complicated by the fact
that if light is present reaction can occur concurrently in which case the
diffusion constant and solubility constants will be changing. A value of
3.73 x 10-8 cm2/sec for the diffusion coefficient of Cl2 in PE films,
measured by the time-lag method has been reported^ but the light
conditions during the measurement were not mentioned.
Reactivity of Alkvl Halirie.s
Alkyl halides are of major importance in synthetic organic
chemistry, and undergo many reactions, including nucleophilic
substitutions, dehydrohalogenation to alkenes, Friedel-Crafts reactions,
and single electron transfer reactions. 100 However, in reaction of
chlorinated PE surfaces, low yields should be expected as the reactivity of
2° chlorides is generally low. In nucleophilic substitutions the order of
reactivity is generally I>Br>Cl>F and 1°>2°>3°; the reaction with 2°
substrates is complicated by elimination as a side product. In reported
reactions of halides, bromides and iodides, rarely chlorides (unless benzyl
or allyl) are used as substrates, and the yield for 2° substrates is generally
low even for bromides. For example, in the hydrolysis of alkyl halides
with H2O in polar aprotic solvents, 1-octyl bromide gives a 92% yield of
1-octyl alcohol (NMP, 15 h), while the secondary analog (2-octyl
bromide) gives 64% after 24 h. The primary chloride (1-octyl chloride)
gave 26 % yield (NMP, 111 h); no yield is reported for a secondary
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chloride. ioi The reaction with lithium dialkyl cuprates gave particularly
high yield for a 2° bromide (2-pentyl bromide, 94% 1 h, RT) but the
secondary chloride gave only 28% yield after 11 h.">2
Friedel-Crafts alkylation with alkyl halides is a very old and well
developed reaction.^ Alkyl halides may be reacted with aromatics or
alkenes. Many catalysts may be used although A1C13 is probably the most
common. The order of reactivity of alkyl halide is F>Cl>Br>I, and the
reaction occurs most readily with 3° halides, less readily with 2°, and least
readily with 1° substrates. The reaction has been observed to occur with
phenols. i°4
Dehydrohalogenation of alkyl halides can be accomplished with
many bases, and occurs most easily for 3° alkyl halides. Unless a
sufficiently non-nucleophilic base is used, substitution will compete for 2°
halides. Typical reagents used for dehydrohalogenation include hot
alcoholic KOH, alkoxides, NaNH2, OH- with phase-transfer catalyst,LiCl
or LiBr-LiC03 in DMF, and bicyclic amidines such as 1,8-diazabicyclo-
[5.4.0]-undec-7-ene (DBU).i°5
Reactions on Polyfvinyl chloride)
Despite the unreactivity of 2° chlorides, many reactions have been
reported on PVC, and the results may be useful in predicting the
reactivity of PE-C1 surfaces. Nucleophilic substitution reactions of PVC
such as reaction with NaN3 in DMF (80% substitution of CI, accompanied
by gel formation),i°6 or thiolate (33% substitution of Cl),i°7 have been
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reported. Dehydrohalogenation has been performed with LiCl/DMF,^
sodium hydroxide with phase transfer catalysis,™? and NaNH2/THF, 110
Friedel-Crafts alkylation of benzene gave poly(l,3-methylene-indans) and
also dehydrochlorination and fragmentation,m Friedel-Crafts reaction
was also reported to attach ferrocene to PVC, but the degree of
substitution was much less than the degree of dehydrochlorination. 112 The
reaction of PVC and n-butyl lithium gave a mixture of elimination,
substitution, and metal-halogen exchange.*" Graft polymerization from
PVC was accomplished via cationic, 114 anionic, 115 and radical116
mechanisms. Reactions which have been done specifically as surface
modifications of PVC include plasma treatments, 1171 w fluorination, 120
surface cross-linking, 121 elimination with sodium methoxide 122 or sodium
hydroxide and phase-transfer catalysis, 1^ reduction with HSnBu3, 124 and
substitution of CI by CN with KCN and phase-transfer catalysis. 122
Reactions of Chlorinated Polyethylene
The chemistry of chlorinated and brominated polyethylene has not
been as extensively studied as has that of PVC. Reactions which have been
reported for chlorinated polyethylene in solution include reaction with
amines (although the %C1 was only decreased by 3%) 125 "7 and with N-
carboxymethyl-N-methyloldithiocarbamate. 128 Reaction in n-butyllithium
gave a mix of metalation, dehydrohalogenation, and substitution along
with cross-linking, and a majority of the chlorines were unreacted. 129
Reaction with acrylamide was performed in the graft copolymerization of
styrene from CPE. 130 Brominated PE was reported to react with amines
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(as part of a synthesis of ion-exchange membranes) although a yield was
not reported. 131
A few reactions of chlorinated PE surfaces have been reported and
low yields are usual, although the reactions have not generally been
characterized by surface techniques. The reactions of PE-C1 films with
N,N-dimethylthiocarbamate and N-methyl-N-carboxymethyldithio-
carbamate are reported to give 6.9 and 3.6% substitution of CI,
respectively. 132 The substitution of CI with KOCN in DMF using
tetrabutylammonium bromide as a phase-transfer catalyst was reported
although the results are doubtful since a C=0 absorbance (1725 cm 1 ) is
taken as the only evidence of reaction and this may be due to oxidation of
the PE. 122 Elimination with sodium methoxide was apparently successful
as brown films were obtained. 122 Metalation by Friedel-Crafts reactions
with metallocenes gave a very low degree of substitution ( ~ 1 ferrocene
per 100 CH2-CH2 units). 133 The reaction of PE-C1 with KCN and phase-
transfer catalysis gave mainly elimination. 121 The reaction of chlorinated
PE surfaces with amines was studied by XPS, but only 1% N was
observed (the amount of CI before and after reaction was not
mentioned). 134
In this study, many reactions were attempted on chlorinated and
brominated PE surfaces, and the results were monitored with XPS and
contact angle. Reactions that were tried on chlorinated surfaces are:
dehydrohalogenation (with DBU, NaOH with tetrabutylammonium
bromide as phase-transfer catalyst, NaNH2, and lithium diisopropyl
amide), substitution (with NH3
s
NaN3, P(CH3)3, and H2O with PdCl2
catalyst), Friedel-Crafts reaction with phenol and AICI3 as catalyst, and
90
graft polymerization of THF with silver trifluoromethanesulfonate as
catalyst. A few reactions were tried on brominated surfaces to see if their
reactivity greatly improved upon that of the chlorinated surfaces:
substitution with NaN3
,
NH3 , and lithium dibutyl cuprate,
dehydrohalogenation with DBU, and reaction with THF and silver
trifluoromethansulfonate.
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CHAPTER V
EXPERIMENTAL
Materials
Ammonia was used as received from USS Agrichemicals.
Benzene (Fisher) was distilled from sodium benzophenone dianion.
Bromine (Fisher) was purified by freeze
-pump
-thaw cycles and
trap-to-trap distillation.
l,8-Diazabicycloundec-7-ene (Aldrich) was vacuum distilled
from CaH2.
Dichloromethane (Fisher) was distilled from calcium hydride.
Dimethylformamide (Fisher) was vacuum distilled from BaO.
Heptane was distilled from sodium/benzophenone dianion; a small
amount of tetraglyme (tetraethylene glycol dimethyl ether) was added to
solubilize the anion.
Linear low density polyethylene (CdF Chimie Grade FW 2900,
Mn=36,000 p = 0.92) and high density polyethylene (Aldrich,
Mn=40,000, p = 0.95) were dissolved in refluxing /?-xylene containing 2,6
-di-rerr-butyl-4-methylphenol (as an oxidation inhibitor), precipitated in
0 °C methanol, rinsed with acetone and dried (25 °C, 0.05 mm, several
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weeks) before pressing into films with a Carver press at 160 °C with 1000
lbs. pressure.
Methanol (Fisher) was distilled from magnesium.
Phenol (Fisher) was recrystallized from petroleum ether.
Polypropylene (isotactic) was obtained as film from Hercules and
extracted with refluxing dichloromethane for 30 minutes and then dried
(0.05mm, 25°C) for several days before use.
Tetrahydrofuran (Aldrich) was distilled from sodium
benzophenone dianion.
Water was distilled using a Gilmont still and distilled again under
nitrogen.
Aluminum chloride (anhydrous powder), copper cyanate, hexane,
hydrogen peroxide (30% solution in H2O), and magnesium were used as
received from Fisher.
Aluminum chloride solution in nitrobenzene, benzophenone, «-butyl
lithium, calcium hydride, chlorine gas, diborane (solution in THF), 2,6 -di-
tert
-butyl-4-methylphenol, lithium diisopropylamide, silver
trifluoromethane sulfonate, sodium azide, sodium amide, tetrabutyl-
ammonium bromide, and trimethylphosphine (1.0 M solution in THF) were
used as received from Aldrich.
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Materials Handling
All solvents, solutions and distilled reagents were used immediately
or stored for short periods under nitrogen in teflon stopcock-sealed storage
flasks. All transfers of these liquids were done under nitrogen by syringe
or cannula. Solutions were prepared by standard Schlenk techniques.
Chlorine gas was measured with a gas-tight syringe.
Methods
Product film samples were stored under nitrogen or vacuum prior to
analysis. Contact angle measurements were obtained with a Rame-Hart
telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped
needle. Water was used as the probe fluid to measure advancing and
receding (dynamic) contact angles. The values reported are averages of at
least five measurements made on different areas of the film surface. X-ray
photoelectron spectra (XPS) were recorded with a Perkin Elmer-Physical
Electronics 5100 spectrometer with MgKa excitation (300W). Spectra
were recorded at two angles, 15° and 75° from the film surface and the
reported binding energies are not corrected for charging. Atomic
composition data and peak are calculations were determined using
sensitivity factors calculated periodically for the instrument by running
standard samples such as PVF2 and PCTFE. Attenuated total reflectance
infrared (ATR-IR) spectra were obtained under nitrogen using an IBM 38
FTIR and a KRS-5 internal reflection element. UV-vis spectra were
recorded using a Perkin Elmer Lambda 3A spectrophotometer. The
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grav.metric data were obtained with a Cahn 29 electrobalance containing a
polonium source.
Chlorinations of Polyethylene and Polypropylene Films with 1 m ru
Gas
(7.5) A Schlenk tube containing a PE or PP film sample (1.5 x 6
cm) was purged with nitrogen and then Cl2 was purged through at 3 psig
for 2 min., at which time the stopcock was closed. After the desired
reaction time the Cl2 was flushed out with nitrogen for two minutes before
the tube was placed on the vacuum line.(<0.05 mm, overnight) before
analysis by XPS, ATR-IR, or contact angle.
For reactions done in the absence of light, the entire Schlenk tube
was wrapped in black electrical tape, being sure to not leave any holes for
light to enter. For reactions which were done with UV irradiation, a lamp
(Ultra-Violet Products B-100A, 350 nm) was set up -20 cm from the tube.
The lamp was turned on immediately before the chlorine was introduced
into the tube. Lists of reactions and experimental data, are included in
Tables 11-15 (pp. 171-175) for chlorination of PP in hood light, LLDPE
in hood light, dark, irradiation, and HDPE in hood light, respectively.
Chlorination of Polyethylene and Polypropylene Films in H?Q
(7.83) PP and PE films were chlorinated in H2O. The film was
placed in a Schlenk tube which was subsequently purged with N2; 20 mL
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H20 was added, Cl2 was bubbled through the water at 3 psig for 2 minutes
and then the Cl2 inlet needle was removed. The film was allowed to
remain in the yellow chlorine solution for the desired reaction time, then
the solution was removed and the film was rinsed with H20 (3 X 30 mL),
MeOH (3 X 30 mL), CH2C12 (3 X 30 mL) and dried (0.05 mm, 25 °C) at
least 24 h before analysis by XPS and ATR-IR. Table 16 (p. 175) lists
experimental data for chlorination of PP and LLDPE in H20.
Chlorination of Polypropylene Films jn Benzene
(7.92) A PP film sample was placed in a Schlenk tube which was
subsequently purged with nitrogen and covered with 20 mL benzene. Cl2
gas was purged through the benzene for 2 min. at 3 psig, at which time the
Cl2 inlet was removed and the stopcock was closed. The film was left in
the Cl2 solution for the desired reaction time; the solution was then
removed and the films were rinsed with benzene (3 X 30 mL), methanol (3
X 30 mL), and CH2C12 (3 X 30 mL). The reaction did not proceed as
desired, as a solid, believed to be chlorinated benzenes were obtained, and
this line of study was abandoned.
Chlorination of Polyethylene Films with Reduced Cb Concentrations
(8.52) A septum-capped 100-mL roundbottom flask was purged
with Cl2 for 3 minutes at 3 psi., after which the valve to the Cl2 tank was
closed. As soon as Cl2 stopped flowing out of the bubbler (1 atm. Cl2 ),
both the bubbler and Cl2 inlet needles were removed, and a gas-tight
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syringe with the needle protected from the atmosphere by a short N2 -
purged glass tube septum-capped on both ends was used to remove the
desired amount of Cl2 gas. The Cl2 was injected into an N2-purged
Schlenk tube containing a PE film sample. For reactions run without
light, the tube was wrapped in black electrical tape. For reactions run in
UV irradiation, an Ultra-Violet Products B-100 A lamp (350 nm) was set
~ 20 cm in front of the tube. After the desired reaction time, the tube was
purged for 2 minutes with N2 and evacuated (0.05 mm) at least 24 h before
analysis. The experimental data are listed in Tables 17-19 (pp. 176-178)
for PE chlorinated with low [Cl2 ] in hood light, UV light, and dark.
Gravimetric data for chlorination at various concentration of Cl2 in light,
dark, and UV irradiation is shown in Table 20 (p. 179).
Bromination of PE Films
(8.34) A PE film sample was placed in a Schlenk tube purged which
was subsequently purged with nitrogen. A gas tight syringe with the needle
tip protected from the atmosphere by a glass tube septum-capped on both
ends was used to withdraw the desired amount of Br2 liquid or vapor from
a storage flask containing Br2 liquid. The bromination was done by adding
0.2 JJ.L of liquid, or 10 or 5 mL of vapor. The concentration of Br2 under
these conditions was estimated to be 200, 24 and 12 mm, respectively. The
reaction was irradiated at 254 nm with a Rayonnet reactor. After the
desired reaction time, the bromine was flushed out with a stream of
nitrogen; the film was dried at reduced pressure (<0.5 mm, 25 °C)
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overnight, then rinsed with CH2C12 (3 X 20 mL), and dried (<0.05 mm,
25 °C) at least 24 h before analysis. The data are listed in Table 21 (p. 180)
Solvent Resistance Te.sts
PP-C1 films were rinsed with solvents to determine the stability of
the chlorinated surface. PP-C1 films were rinsed 3 times with 20 mL of
25 °C heptane, dimethylformamide, tetrahydrofuran, acetone, benzene, or
methanol. Films were also exposed to refluxing heptane (1 hr), refluxing
THF (10 min.,1 hr) and refluxing H20 (1 hr). The films were dried
(<0.05 mm, 25 °C) at least 24 h before XPS analysis. The solvent exposure
conditions and results are listed in Table 22 (p. 181).
The solvent stability of PE-C1 surfaces was also tested: the results
for solvent exposure of deeply, highly chlorinated (type I) films are given
in Table 23 (p. 182). Solvent resistance data for the thinly, lightly
chlorinated (type IV) films was obtained in the controls for the reactions.
The PE-C1 film was exposed to the same solvent, temperature and time
used for the reaction
. The solvent exposure controls are listed along with
the reactions done in that solvent, in Tables 24-38 (pp. 183-191).
Reaction of Halogenated Polyethylene Films with DBU in Heptane
(8.136) A of chlorinated or brominated polyethylene film sample
was placed in a Schlenk tube which was subsequently purged with nitrogen,
and covered with 20 mL heptane; 1.0 mL DBU was added. The reaction
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was allowed to proceed under a nitrogen blanket at 70 °C for the desired
reaction time, the DBU solution was removed, and the film was rinsed with
heptane (3 X 20 mL), HCl/MeOH (3 X 20 mL), MeOH (3 X 20 mL),
CH2C12 (5 X 20 mL) and dried (<0.05 mm, 25 °C) at least 24 h before
analysis. The eliminated surfaces from the type I PE-C1 and PE-Br were
brown. The reactions and data files are listed in Tables 24, 25, and 26 for
highly chlorinated PE-C1, lightly chlorinated PE-C1, and brominated PE,
respectively (pp. 183-185).
Bromine Labeling of Dehvdrohalogenated Films
(9.8) The DBU eliminated films were reacted with bromine to show
the presence of double bonds. The eliminated sample was placed in a
Schlenk tube and purged with nitrogen. A gas tight syringe with the needle
tip protected from the atmosphere by a glass tube septum-capped on both
ends was used to withdraw 5 mL of Br? vapor from a storage flask I
containing Br2 and inject it into the tube containing the eliminated sample.
After 12 h the bromine was flushed away with a stream of nitrogen. The
film was dried at reduced pressure (<0.05 mm, 25 °C) overnight, then
rinsed 3 X with 20 mL CH2CI2 and dried (<0.05 mm, 25 °C) at least 24 h
before analysis. The results for bromination of DBU-eliminated PE-C1 and
a control (exposure of PE-C1 to Br2) are given in Table 27 (p. 185).
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Hydroboration/Oxidatinn nf Dehvdrnhalnpgnated Films
(9.133) A sample of eliminated PE-C1 and a sample of PE-C1 as a
control were placed in a Schlenk tube and purged with nitrogen before 25
mL THF and 2.0 mL of 1.0 M BH3/THF complex were added. The
reaction allowed to proceed at 25 °C for 24 h, at which time the solution
was removed and the film was rinsed with 3 X 30 mL THF. Then a
solution of 1.3 g NaOH and 10 mL of 30% H202 was added. After 6 h the
film was rinsed with H20 (1 X 30 mL), 0.1 M HC1 (1 X 30 mL), H20 (2 X
30 mL), MeOH (2 X 30 mL), and CH2C12 (2 X 30 mL). The data for
hydroboration/oxidation of eliminated surfaces are listed in Table 28 (p.
186).
Reaction of Chlorinated Polyethylene Films with NaNFb
(10.51) A sample of lightly halogenated PE and a PE sample as a
control were loaded into a Schlenk tube in a glove box along with 0.1 g
NaNH2 . After removing the tube from the glove box, 20 mL THF was
added. The reaction was run at 50 °C in a circulator bath for the desired
reaction time after which the film was rinsed with THF (3 X 20 mL),
MeOH/HCl (2 X 20 mL), MeOH (3 X 20 mL) and CH2CI2 (3 X 20 mL).
The films were dried (<0.05 mm, 25 °C) at least 24 h before analysis. The
reactions and results are given in Table 29 (p. 186).
108
ammonium Bromide. M Phase-Tran sfer Catalyst
(9.124) A Schlenk tube containing a sample of lightly chlorinated
PE-C1 film and 0.2 g tetrabutylammonium bromide was purged with
nitrogen before a solution of 3.0 g of NaOH in 25 mL H20 was added.
The tube was heated (60 or 70 °C) for the desired reaction time after which
the solution was removed and the film was rinsed with H20 (3 X 20 mL),
MeOH (3 X 20 mL), and CH2C12 (3 X 20 mL). The sample was dried
(<0.05 mm, 25 °C) at least 24 h before analysis. The reaction times and
contact angle results are given in Table 30 (p. 187).
Reaction of Chlorinated Polyethylene Films with Lithium
Diisopropvlamide
(10.26) LDA (0.15 g) was loaded (in the glove box) into a Schlenk
tube containing a sample of lightly halogenated PE-C1. Heptane (20 mL)
was added and the reaction was allowed to proceed at 60 °C for the desired
reaction time. The sample was then rinsed with heptane (3 X 20 mL),
MeOH (3 X 20 mL), CH2C12 (3 X 20 mL). The films were observed to be
slightly orange in color. The films were dried (0.05 mm, 25 °C) at least
24 h before analysis. The reactions and results are listed in Table 3
1
(p. 187).
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Reaction of Halogenate.ri Polyethylene. Film, with Mom. in PMF
(9.123) A sample of lightly halogenated PE was placed in Schlenk
tube along with O.lg NaN3 . The tube was purged with N2 and then 20 mL
of DMF was added. The tube was placed in a circulator bath at 50 °C;
after 5 h, the DMF solution was removed and the sample was rinsed with
DMF (5 X 20 mL), MeOH (3 X 20 mL), CH2C12 (3 X 20 mL). A control
(PE-C1 exposed to DMF) was heated for the same reaction time. The films
were dried (<0.05 mm, 25 °C) at least 24 h before analysis. The results
are tabulated in Table 32 (p. 188).
Reaction of Chlorinated Polyethylene Films with NaNh with Phase-
Transfer Catalysis
(9.135) A sample of lightly chlorinated PE-C1 was placed in a
Schlenk tube along with 0.03 g tetrabutylammonium bromide and 0.04 g
NaN3. After purging with N2 , 5 mL H20 was added. The tube was heated
at 70 °C for 18 h, the solution was removed and the film was rinsed with
MeOH/HCl (3 X 10 mL ), MeOH (3 X 10 mL), and CH2C12 (3 X 10 mL),
and dried at least 24 h (0.05 mm, 25 °C) before analysis. The results are
listed in Table 32 (p. 188).
Reaction of Halogenated Polyethylene Films with NI-h
(8.148) A sample of halogenated polyethylene film was placed in a
Schlenk tube which was subsequently purged with nitrogen before NH3 (g)
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was flowed through for 2 minutes at 2 psig. The reaction was allowed to
proceed at 25 °C for 12 hours at which time the NH3 was flushed out with
a stream of nitrogen. The film was dried at least 24 hours (<0.05 mm,
25 °C) before analysis. The results are listed in Table 33 (p. 189).
Reaction of Halogenated Polyethylene Film, with Trimethvlphn^hW
(9.131) A sample of lightly chlorinated or brominated PE-C1 was
placed in a Schlenk tube which was subsequently purged with nitrogen, and
then 15 mL THF and 2 mL of 1.0 M solution of P(CH3 )3 in THF were
added. After 15 h the solution was removed and the film was rinsed with
THF (4 X 20 mL) and CH2C12 (3 X 20 mL). The film was dried (0.05
mm, 25 °C) 24 h before analysis. The results are listed in Table 34
(p. 189).
Reaction of Chlorinated Polyethylene Films with H?Q and PdCb
a. inH2O(10.5):
A sample of lightly chlorinated PE-C1 was placed in a Schlenk tube
along with 0.05 g of PdCl2 which was subsequenly purged with nitrogen
before 10 mL of H20 were added. The tube was heated in a circulator
bath at 70 °C for 18 h at which time the solution was removed and the film
was rinsed with H20 (3 X 20 mL), MeOH/HCl (4 X 20 mL), MeOH (3 X
20 mL), and CH2C12 (3 X 20 mL). The film was dried (0.05 mm, 25 °C)
at least 24 h before analysis.
Ill
b. in MeOH (10.13):
A sample of lightly chlorinated PE-C1 film was placed in a Schlenk
tube containing 0.05 g of PdCl2 which was subsequently purged with
nitrogen before 15 mL of MeOH and 3 mL of H20 were added. The tube
was heated in a circulator bath at 70 °C for 18 h at which time the solution
was removed and the film was rinsed with H20 (3 X 20 mL), MeOH/HCl
(4 X 20 mL), MeOH (3 X 20 mL), and CH2C12 (3 X 20 mL). The film
was dried (0.05 mm, 25 °C) at least 24 h before analysis. The results for
the reactions are shown in Table 35 (p. 190).
Friedel-Crafts Reaction of Chlorinated Polyethylene Films
a. in nitrobenzene (10.11):
A sample of lightly chlorinated PE-C1 film was placed in Schlenk
tube containing 0.1 g phenol which was subsequently purged with nitrogen
before 20 mL of 1 .0 M AICI3 in nitrobenzene was added. The reaction was
allowed to proceed 20 h at 25 °C, at which time the solution was removed
and the film was rinsed with MeOH (5 X 20 mL), and CH2C12 (5 X 20mL).
The film was dried (0.05 mm, 25 °C) at least 24 h before analysis.
b. in chlorobenzene (10.25)
A sample of lightly chlorinated PE-C1 film was placed in Schlenk
tube containing 0.15 g phenol which was subsequently purged with
nitrogen before a solution of 0.07 g AICI3 in 15 mL chlorobenzene was
added. The tube was heated at 60 °C for the desired reaction time, and
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then the solution was removed and the film was rinsed with chlorobenzene
(2 X 20 mL), MeOH (3 X 20 mL), CH2C12 (3 X 20 mL) and dried (0.05
mm, 25 °C) at least 24 h before analysis. The experimental data are shown
in Table 36 (p. 190).
Reaction of Halogenated Polyethylene Film. with Silver Triflnnrnnww..
sulfonate in Tetrahvdrofnran
(9.57) A sample of halogenated PE-C1 was placed in a Schlenk tube
in the dry box along with 0.28 g of silver trifluoromethane-sulfonate. The
tube was wrapped in aluminum foil as the Ag triflate is light sensitive. The
tube was removed from the glove box, placed in a dry ice/acetone bath, and
25 mL of THF (at
-78°C) were added. The reaction was allowed to warm
slowly for 5.5 h, then moved to a circulator bath at -10 °C and left for 12
h. The film was rinsed with THF(2 X 20 mL), 0.1N HC1 (2 X 20 mL),
H20 (3 X 20 mL), MeOH (2 X 20 mL), and dried 24 h (0.05 mm, 25 °C)
before analysis. The results are shown in Table 37 (p. 191).
Reaction of Brominated PE Films with Lithium Dibutvlcuprate
(9.89) 0.27 g of CuCN was placed in a Schlenk tube containing a
magnetic stir bar which was subsequently purged with nitrogen before 15
mL THF was added and the mixture was cooled to -78 °C. Then 3.5 mL of
n-BuLi (1.5 M in pentane) was added. The solution was moved into an ice
bath and stirred for 1 hr, then cooled to -78 °C again. The solution was
then transferred to a Schlenk tube containing a piece of PE-Br, and the
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reaction was allowed to proceed at -78 °C for 40 minutes, at which time the
solution was removed and the film was rinsed with saturated
NH4CVNH4OH solution (2 X 20 mL),0.1 M HC1 (2 X 20 mL), H20 (3 X
20 mL), MeOH (2 X 20 mL), CH2C12 (2 X 20 mL), MeOH (2 X mL), and
dried 24 h (0.05 mm, 25 °C) before analysis. The results are shown in
Table 38 (p. 191).
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Note
1. Numbers in parentheses are notebook references.
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CHAPTER VI
RESULTS AND DISCUSSION
Chlorination and bromination of polyethylene and polypropylene
films have been studied with the goal of using the resulting alkyl halides
as a reactive handle for the synthesis of other functionalized PE or PP
surfaces. To use alkyl halides as a reactive handle, control over two
characteristics of the halogenation reaction was desired: 1) the extent of
halogenation (density of X substitution) along the polymer backbone, and
2) the depth to which the film is modified. Conditions which were varied
to achieve this control were the light intensity, chlorine concentration, and
reaction time. Many different types of surfaces, ranging from highly,
deeply chlorinated {type I) to lightly, thinly chlorinated (type IV) were
prepared.
Chlorination of Polypropylene Films with 1 atm. Ch
I The chlorination reaction was first studied on polypropylene.
Although chlorination of PP films has been reported, no information on
the rate or depth of chlorination or ATR-IR spectra were given. 1 The
films were exposed to 1 atm. CI2 gas in ordinary hood light, at room
temperature. The chlorination was observed to be fast and extensive by
XPS, ATR-IR and gravimetric analysis. The XPS survey spectra (Fig.
6.1) show that upon chlorination the Ci s photoelectron line (285 eV)
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Figure 6.1. Grazing Angle XPS Survey Spectra of Polypropylene
Chlorinated with 1 atm. Cl2 in Hood Light.
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decreases in intensity and Cl2s (278 eV) and Cl2p (208 eV) lines appear.
Approximately 40% CI (by XPS atomic concentration) is observed after
15 minutes chlorination, suggesting that, on average, 2 of the 6 hydrogens
on the polypropylene repeat unit have been replaced. The C ls region in
the XPS spectrum (Fig. 6.2) was not easily resolved into the contributions
from chlorinated and unsubstituted carbon; only a broadening of the
carbon peak was observed. The ATR-IR spectra (fig. 6.3) show C-Cl
absorbances (at 574, 632, 709, and 729 cnrD appearing even after only 30
seconds reaction time. The depth a surface modification must proceed in
order to be detected by ATR-IR varies greatly (depending on the
introduced group's extinction coefficient and the change in index of
refraction on reaction); therefore, the ATR-IR spectra can not be used to
give absolute reaction depths. Gravimetric analysis (Fig. 6.4) shows that
although the rate of weight gain decreases slightly with reaction, the
reaction is not occurring surface-selectively. The gravimetric data can
not yield a reliable estimate of reaction depth, because the concentration
of CI in the polymer decreases with depth (the XPS spectra show more CI
with a 15° take-off angle than with a 75° angle), and the depth profile is
not known. If the assumption of constant concentration is made, a
minimum reaction depth can be calculated. Thus, assuming the modified
layer has a density of 1.5 g/mL (intermediate between that of PVC and
PVDC) and a uniform chlorine content equal to that observed by 15°
XPS, the gravimetric data shows that the minimum reaction depth is -300
A after 30 sec and 900 A after 15 min.
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Figure 6.2. XPS Ci s Spectra for Polypropylene Chlorinated
with 1 atm. CI2 in Hood Light.
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Figure 6.3. ATR-IR Spectra of Polypropylene Chlorinated
with 1 atm. CI2 in Hood Light.
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Figure 6.4. Mass Gain During Chlorination (1 atm. CI2, hood light) of
Polypropylene Films.
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Chlorination of PolvpmrYi^ and [ j ,nPF ;n H^
Chlorination of polypropylene and polyethylene films was
attempted with the chlorine in aqueous solution. The chlorination of PE
was reported to proceed more slowly as an aqueous suspension than as a
gas-solid reaction,* so this was tried as an attempt to limit the reaction
depth. ATR-IR and XPS results for the chlorination of PP films in H20
are shown in Figure 6.5. The results are interesting in that while XPS
showed only 10% CI, much lower than observed for a comparable
reaction time in 1 atm. Cl2 gas, the ATR-IR results show considerable
reaction. Along with the chlorine, a significant amount of oxygen was
introduced during the reaction, and thus the reaction in water was judged
to not be a reasonable way to obtain clean, chlorinated surfaces. The
chlorination of polyethylene in H20 gave the same results as for PP - a
low % CI (although observable by ATR-IR), and the incorporation of
some oxygen.
The chlorination reaction was also tried in benzene, as the chlorine
atom has been observed to be more selective when in solution in an
aromatic solvent. 3 The reason for the added selectivity is the rc-complex
formed between the solvent and C1-. The chlorination of PP films in
benzene did not work as desired as a solid was observed on the sides of
the Schlenk tube after the Ch/benzene solution was removed. The origin
of this solid is not known; this approach to chlorination of film was
abandoned at this point.
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Figure 6.5. ATR-IR and XPS Survey Spectra for Polypropylene Films
Chlorinated in H20.
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Solvent Stability of Chinrin^ Poiyprnpy iPnp p lW
Before reactions were tried on chlorinated polypropylene, the
solvent resistance of the chlorinated layer was tested to see whether the
surface was a good substrate for surface reactions. It was found that the
chlorinated PP surface layers can be at least partially dissolved by most
solvents, limiting the utility of these surfaces as substrates for further
reactions. An example of the change in the XPS survey spectrum
observed upon exposure of PP-C1 to solvents in shown in Fig. 6.6. The
solubility of the chlorinated PP layer may be due to the fragmentation
which is reported to occur in the chlorination of PP .4 Work on PP
surface halogenation was abandoned at this point as the films were too
solvent-sensitive to be good substrates for chemical modification.
Chlorination of LLDPF Films with 1 atm. Ch
LLDPE was chlorinated with 1 atm. CI2 under three conditions of
light intensity: UV irradiation, normal hood light, and dark. The
changes observed by XPS for chlorination are similar to those described
for polypropylene: the appearance of CI peaks (278, 208 eV) in the XPS
spectrum and C-Cl (667, 613 cm -1) stretching in the ATR-IR spectrum.
Survey and Ci s XPS spectra are shown in Figures 6.7 and 6.8. After 2
minutes, the surface composition is CiooClsi by 15° take-off angle XPS
and C100CI49 by 75° take-off angle XPS; after 22 h the composition is
C100O107 at both angles. The amount of CI observed by 15° take-off
angle XPS after 22 h corresponds to 73% CI by weight, which is the same
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Figure 6.6. XPS Survey Spectra of a Chlorinated Polypropylene
Film, Before and After Exposure to THF, 25 °C.
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Figure 6.7. XPS Survey Spectra of LLDPE Films Chlorinated with 1 atm. Cl2.
a) LLDPE, b) PE-C1 (2 min., hood light, 15° take-off angle) c) PE-C1
(2 min., hood light, 75° take-off angle), d) PE-C1 (22 h hood light,
15° take-off angle) e) PE-C1 (22 h, dark, 15° take-off angle).
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Figure 6.8. XPS C ls Region Spectra (15° take-off angle) of LLDPE
Films Chlorinated with 1 atm. Cl 2 . a) LLDPE, b) PE-C1 (2 min.,
hood light), c) PE-C1 ( 22 h, hood light), d) PE-C1 (22 h, dark).
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as the 73 weight % "saturation level" observed in solution chlorination of
PE.s Unlike the C ls peak for polypropylene, for polyethylene the C ls
signal is an apparent composite of three overlapping peaks, due to CH2
,
CHC1, and CC12
.
Areas of curve-fitted peaks indicate that the chlorine-
saturated material is 29.1% CC12 , 45.5% CHC1, and 25.4 % CH2 . (The
presence of methyl and methine groups are ignored in this analysis. The
ATR-IR spectra suggest that methylene groups are present in a very large
majority.) The ATR-IR spectra are shown in Fig. 6.9 and confirm that
the reaction occurs deep in the film, as the C-Cl stretching bands (667,
613 cm -1) are even visible in samples reacted for only 2 min. and their
intensity is still increasing after 22 h. The weight gains of the films
during chlorination with 1 atm. Cl2 in hood light for 2 min. and 22 h
were 20 and 780 ug/cm2, respectively. As was done for polypropylene,
this data can be used to give a rough estimate of minimum reaction depth:
if the chlorine content throughout the reacted layer is assumed to be that
given by 15° XPS, and the density of the chlorinated layer is assumed to
be 1.5 g/cm3 (intermediate between PVC and PVDC), the minimum
reaction depth is 0.2 |im after 2 min. and 8 |im after 22 h. The error in
assuming constant chlorine concentration throughout the modified layer is
shown by a comparison of the 15° and 75° take-off angle XPS spectra for
2 min. reaction (Fig. 6.7, b and c). These spectra show that a gradient in
CI content exists within the outer 100 A although the chlorination has
proceeded deeply: the 75° take-off angle spectrum (indicative of the outer
40 A of the film) shows less chlorination than the 15° take-off angle
spectrum (indicative of the outer 10 A of the film) even though the
minimum reaction depth is 2000 A. The reaction depth must therefore be
much greater than this minimum. The type of surface produced by
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Figure 6.9. ATR-IR Spectra of LLDPE Films Chlorinated with 1 atm.
Cfe. a) LLDPE, b) PE-C1 (2 min., hood light.) c) PE-C1 (22 h,
hood light.) d) PE-C1 (22 h, dark).
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chlorination in light with 1 atm. Cl2 is closet to type /, having a thick
layer of highly chlorinated material.
As expected for a photo-initiated reaction, chlorination in the dark
drastically decreased the amount of chlorine incorporated as observed by
XPS. After 22 hours of reaction, the composition of the outer 40 A is
CiooCl8 . 12
.
Despite the low CI content, the ATR-IR spectra show large
C-Cl stretches, and the difference between ATR-IR spectra for reactions
in the light and dark are not as striking as the differences in the XPS
spectra. Reaction at 1 atm. in the dark apparently gives a Type II
surface - deeply but lightly chlorinated.
The similarity of the ATR-IR spectra obtained with chlorination
with and without light shows that the highly halogenated layer formed in
the light does not contribute greatly to the IR spectrum. A CC12 stretch
would be expected around 527 cm- 1.5 The ATR-IR spectra are further
evidence of the gradient in CI content; although the XPS shows a high
degree of chlorination, the ATR-IR resembles very lightly chlorinated
PE. The IR spectra of chlorinated polyethylene with varying chlorine
contents have been published; 5 the ATR-IR of the 22 h light-chlorinated
PE film (Fig. 6.9c) most closely resembles CPE of 10 wt % CI. This
amount of CI corresponds to 22 CH2 's per CHC1.
The observation that chlorination occurs at all in the absence of
light was unexpected as thermal initiation has not been observed at room
temperature. Chlorine gas does exist as an equilibrium between Cl2 and
C1-; however, the dissociation constant, K, where
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[Cl2]
has been measured to be 1.17 x 10-37 at 298 K6 and this concentration is
not enough to account for the amount of reaction occurring. (The rate
constant for CI- + 2° RH -> HC1 + R. is 1.44 x 1010 L/mole sec at
25
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0). Initiation by hydroperoxides in the PE film is a possibility, but
this is unlikely as irradiation with X ~ 310 nm is required for dissociation
of hydroperoxides at 25 °C.* The reaction in the dark is most likely due
to an inability to completely block out all light. The reaction in the dark
was more variable than in light, with the chlorine content varying from 8
12%.
Gravimetric analysis for chlorinations at 1 atm. Cl2 , with and
without light (Fig. 6.10), was used to investigate the kinetics of film
chlorination. The plots show that chlorination is initially more rapid in
the dark than in the light, a result entirely unexpected for free-radical
halogenation. One explanation for this observation is based on the
permeability reduction which occurs upon chlorination of PE (as
discussed in the Introduction.) The highly halogenated layer produced
during chlorination in the light acts to reduce the rate of diffusion of CI2
into the film. In the dark, the low amount of CI incorporated (due to the
low rate of initiation) does not affect the permeability of the film as much
and the gas diffuses deeply into the film. Thus, due to the reduced
permeability of the highly halogenated layer produced by reaction in
light, the depth of reaction is actually deeper in the dark than in the light.
That chlorination occurs more deeply in the film when performed in the
dark is shown by the Transmission IR data (Fig. 6.11), as more C-Cl
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Figure 6.10. Mass Gain During Chlorination of Polyethylene Films
with 1 atm. Cl2 in the Dark ( # ) and in Hood Light (o).
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Figure 6.11. Transmission ER Spectra of Polyethylene Films Chlorinated
in 1 atm. Cl2 in the Dark and in Hood Light.
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absorbance is observed when the chlorination is done in the dark.
The faster rate of permeation compared to reaction in the dark is
confirmed by a report of permeability measurements* in which the
permeation constant of PE to Cl2 was measured as 27.9 x 10-10 and that
of chlorinated PE film was 0.290 (units are cc(STP)cm/cm2/sec cm Hg).
If the rate of reaction was much faster than permeation, no difference in
permeability could be measured. The introduction of light into the system
necessarily increases the reaction rate (by increasing the initiation rate)
and also reduces the diffusion rate (due to the effect of chlorination on
D). The reaction depth and extent of chlorination produced by a certain
set of conditions is determined by the relative rates of diffusion and
reaction, as the Cl2 diffuses into the polyethylene film. If the rate of
reaction (kr) is high relative to the rate of diffusion^), the reaction will
be more surface selective than if the rates are comparable. Conversely, if
kd»kr , the reaction should yield a deeply, lightly (type 2) chlorinated
surface. Thus, conditions which increase the rate of reaction (such as UV
irradiation) or decrease the rate of diffusion (such as a lower [CI2],
)
would lead to a more surface-selective reaction. Reasonable calculations
of relative rates of chlorination and permeation of CI2 into the film can
not be made for two reasons; 1) the light intensity employed in these
experiments is unknown, and the rate constant for chlorination under
similar conditions has not been reported, and 2) the rates of both reaction
and permeation are reduced by the reduction in permeability which
occurs upon chlorination.
The chlorination of LLDPE with 1 arm. CI2 was also performed
with UV irradiation (350 nm). The experimental data are given in Table
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14 (p. 172). Irradiation was found to increase the rate of chlorination (as
observed by ATR-IR) although the product showed XPS spectra
indistinguishable from those of a sample prepared using ambient hood
light.
Chlorination of HDPF. Films with 1 atm ru
The percent crystallinity was mentioned in the Introduction as a
factor which affects the diffusion constant of a gas in a polymer. High
density polyethylene films were chlorinated with 1 atm. Cl2 , in ordinary
hood light to see if a difference in rate could be observed. The
experimental conditions are given in Table 15 (p. 173). Results similar to
chlorination of LLDPE were observed; no rate differences were observed
under these conditions.
Chlorination of LLDPE Films with Reduced Cb Concentrations
As the chlorination of PE films with 1 atm. CI2 (both with and
without light) and with CI2 in water gave chlorination deep into the film,
ways in which the reaction could be confined to the surface were desired.
Since the differences in the types of surfaces obtained with and without
light with 1 atm. CI2 suggested that the rate of CI2 diffusion into the film
affected the reaction depth, a way to reduce this diffusion rate and make
the reaction more surface selective was sought. One variable which
should have a great effect on the diffusion rate is the concentration of
chlorine; eq. 4.1 states that the flux rate is directly proportional to the
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concentration gradient, The chlorination of PE films with [Cl2] = 50 mm
was studied by XPS, ATR-IR and gravimetric analysis, in the dark,
normal hood light, and with UV irradiation. The XPS survey and C ls
spectra for reaction in hood light are shown in Figure 6.12. A
comparison with Figures 6.7 and 6.8 shows the decrease in reaction rate
due to the lower [Cl2]. The ATR-IR spectra (Figure 6.13) can be
compared with the data for 760 mm (Fig. 6.9) to show the decrease in
reaction depth.
The gravimetric data (Figure 6.14) and 75° XPS atomic
composition (Figure 6.15) for chlorination in light can be used to show
quantitatively the differences in reaction rate and depth for chlorination at
760 and 50 mm [Cl2]. The gravimetric data show that the rate of weight
gain at 50 mm is reduced to about 1/5 of the rate at 760 mm. The plot of
%C1 by 75° XPS shows the difference in the rate at which the XPS
sampling depth is reacted to completion.
The best example of the variation in reaction depth possible by
using different combinations of reaction time, light intensity, and [Ch] is
illustrated in Figure 6.16. The figure shows two samples - the first
prepared by chlorination in 1 atm. CI2, for 30 sec, the second in 50 mm
CI2, for 30 minutes. The two samples have the same chlorine content by
XPS, however the ATR spectra (the 667, 613 cm- 1 C-Cl stretches are
shown) show that the reaction depths are quite different.
The effect of [CI2] on the rate of reaction was also examined
gravimetrically. The amount of weight gain by a PE film for a 5 min.
chlorination with UV irradiation was measured as a function of [CI2] and
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Figure 6.12. 75° XPS Survey and Cl s Spectra of Chlorinated Polyethylene
Films Produced by Chlorination in 50 mm CI2 for 5 min. and
24 h in Hood Light.
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Figure 6.13. ATR-IR Spectra of Polyethylene Films Chlorinated in 50
CI2 for 5 mm. and 24 h in Hood Light.
138
1000
E
E
<
800 -
600 -
400 -
200
Reaction time (hours)
760 mm
50 mm
Figure 6.14 Comparison of the Rate of Mass Gain During Chlorinationof Polyethylene Films in 50 and 760 mm Cl2 .
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Figure 6.15. Comparison of the Rate of Chlorination of PE Films in Hood
Light with 50 and 760 mm Ch, as Observed by 75° XPS.
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Figure 6.16. Variation in Reaction Depth Possible with Chlorination of
PE Films. XPS and ATR-IR spectra of two chlorinated PE films
which have the same %CI at the surface (by XPS) but different
reaction depths (by ATR-IR).
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the data are shown in Figure 6.17. No explanation for the observed
results are offered as [Cl2] should affect both the reaction and diffusion
rates and thus the dependence of mass gain on [d2] is expected to be
complex.
To obtain surfaces with the thinnest possible modified layers very
low concentrations of Cl2 gas were used. The best conditions for the
production of thin, lightly chlorinated (type IV) surfaces were 2 mm
[Cl2], for 30 min., in lab light. For these conditions the composition was
found to be C100CI10 by 15° XPS and C 100C17 by 75° XPS. The XPS and
ATR-IR data for this surface are shown in Figure 6.18. As even deeply
reacted samples showed a difference in CI content between 15° and 75°
take-off angle XPS (see above), angle resolved XPS can not reliably be
used to estimate reaction depth. The lack of weight gain on chlorination
or C-Cl stretch in ATR-IR indicate a very low reaction depth. Assuming
a constant chlorine content of 10% throughout the reacted layer and no
change in density upon chlorination, the thickest the reacted layer could
be and not be detected by our balance (±0.001 mg) is go A. This estimate
is extremely rough, and the utility of reaction depth estimates for this
reaction is limited as the concentration gradient present has been
demonstrated.
The most difficult surface to achieve was type HI, the thin densely
chlorinated layer. The best conditions for this were 5 mm [CI2L for 5
min., with UV irradiation. The UV light was used so that the reaction
would be fast and result in a highly chlorinated layer, but the short
reaction time and low [CI2] assured that the reaction depth would be low.
The XPS and ATR-IR data are shown in Figure 6.19. The composition of
142
200 400 600 800
Chlorine Cone, (mm Hg)
Figure 6.17. Effect of Chlorine Concentration on the Rate of
Chlorination of LLDPE Films. Mass Gain for 5 min
Reaction with UV Irradiation.
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Figure 6.18. ATR-IR and XPS (15° Cls, 15 and 75° Survey) for PE
Films Chlorinated with 2 mm Ch for 30 min. in Hood Light.
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Figure 6.19. ATR-ER and XPS (15° Ci s , 15 and 75° Survey) for PE
Films Chlorinated with 5 mm CI2 for 5 min. with UV Irradiation
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this surface is CmC\ l01 by 15° XPS and C 100C175 by 75° XPS. A small
mass increase upon chlorination was noted for this reaction (2.2 jig/orf)
although the small C-Cl absorbance in the ATR-IR spectrum indicates that
the chlorinated layer is very thin.
Bromination of Polyethylene Films
Bromination of PE surfaces was also studied, although much less
extensively than chlorination. The reaction was much slower than
chlorination and required UV irradiation to proceed. The XPS and ATR-
IR spectra (Figure 6.20) spectra showed the introduction of Br 3p (185
eV) and Br 3d (74 eV) photoelectron peaks, and C-Br stretching at 552
cm- 1
.
The bromination did not appear to be reproducible, as the amount
of Br incorporated varied, and inhomogeneity in Br content was observed
even on different sections of the same film.
Solvent Stability of Halogenated PE Films
The solvent stability of PE-C1 films was tested to determine if they
are suitable as a substrate for chemical reaction. The results for solvent
exposure of type I PE-C1 (CI2, 1 atm, hood light, 5 min.) are given in
Table 23 (p. 180). The CI content did decrease somewhat (a typical
change was from 45 to 35 %C1) upon solvent exposure. The increase in
solubility upon chlorination of PE 10- 11 was mentioned in the Introduction.
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Figure 6.20. ATR-IR and 15° Survey XPS Spectra for a Brominated PE
Film.
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Partially due to the slight solubility of very highly chlorinated PE,
most of the reactions tried were done on a lightly chlorinated surface.
The solvent stability of this (type IV) surface was also examined, as
controls for the reactions. The CI content of the type N surface did not
decrease upon exposure to most solvents, including 25 °C dichloro-
methane and 70 °C heptane.
Reactions of Chlorinated Polyethylene Snrfares
A range of reactions were carried out on the chlorinated films to
examine the utility of alkyl halides as a reactive handle for the production
of other modified PE surfaces. Low yields were expected as 2° halides
(chlorides in particular) are not very reactive and elimination and
substitution generally compete. The highly chlorinated (type I) films
could be eliminated with diazabicycloundecene (DBU) in heptane,
although the reaction did not proceed deep in the film. (The amount of
C-Cl in ATR-IR was never observed to decrease even after 20 h reaction
at 70 °C.) The films were observed to be a dark brown color. The XPS
spectrum (showing a reduced CI content) and ATR-IR spectrum for
eliminated PE-C1 is shown in Figure 6.21.
The majority of the chemistry was attempted on the lightly
halogenated (type IV) surface. Similar to the highly chlorinated films, the
surface could be eliminated with DBU and the resulting double bonds
could be brominated or hydroborated/oxidized (Figure 6.22).
Approximately half of the chlorine could be removed. Reactions with
LDA and NaNH2 also produced eliminated surfaces. The reaction of
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ure 6.21. Changes in 15° XPS Survey and ATR-IR Spectra upon
Dehydrohalogenation of a Highly Chlorinated PE Film Surface
(1 atm. Ch, hood light, 5 min.) with DBU (70 °C, 1 h).
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Figure 6.22. Changes in the 15° XPS Spectrum for Lightly Chlorinated
PE Film upon Dehydrochlorination with DBU, and Subsequent
Bromination and Hydroboration/Oxidation of the Eliminated Film.
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NaNH2 with PVC was observed to produce both substitution and
elimination^ for PE-C1 only elimination was observed. Elimination
with NaOH and phase-transfer catalysis gave incorporation of O but the
reduction in CI was not consistent and the control film (PE-C1 heated in
H2O) also gained O.
Substitution reactions (NH3, NaN3 , P(CH3 )3 , H20) on PE-C1
surfaces did not seem to proceed at all. Although the reaction with
ammonia worked on chlorinated films of PVF2 ,i3 no N was incorporated
in the reaction with PE-C1. Substitution with NaN3 in DMF was reported
to work with PVC 14 but again no N incorporation was observed for this
reaction on PE-C1. Phase-transfer conditions have been used for reaction
of NaN3 with alkyl halidesis and thus was tried for PE-C1, using
tetrabutylammonium bromide as catalyst, but still no N was incorporated.
Phosphines are very good, non-basic nucleophiles (and P(CH3 )3 is the
most nucleophilic 16), but no P was incorporated upon reaction of PE-C1
surfaces with P(CH3 )3 . Palladium (II) compounds are used for the
hydrolysis of alkyl halidesi 7 but reaction of PE-C1 in H20 with PdCl2 as a
catalyst did not result in the replacement of CI with 0. The Friedel-
Crafts reaction with phenol and A1C13 as catalyst was tried and did not
result in an increase in oxygen. THF has been graft polymerized from
chlorinated FEP surfaces using Ag trifluoromethanesulfonate as a
catalyst 18 and was attempted on PE-C1. No poly(THF) was observed, a
significant amount of chlorine remained in the spectrum and the
symmetric Ci s peak characteristic of poly(THF) was not observed. Thus,
although the chlorination reaction could be manipulated to produce many
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types of chlorinated surfaces, the unreactivity of the 2° chlorides limits
the utility of chlorination as a reactive handle.
Reactions were also tried on brominated films, and they were not
found to be significantly more reactive than the chlorinated films. Like
the chlorinated surface, the brominated surface could be dehydro-
halogenated with DBU. The reactions of PE-Br with NH3 , NaN3 in
DMF, P(CH3)3 , and silver trifluoromethanesulfonate in THF did not
proceed significantly better than for PE-C1. Due to the high yield of the
reaction of 2° bromides with lithium dialkyl cuprates,^ this reaction was
tried on PE-Br. The reaction did not appear to be successful as the films
were dark brown (indicating elimination) and O was incorporated.
Conclusions
The chlorination of polyethylene films was found to be versatile
and controllable and many types of chlorinated surfaces, varying in both
depth and extent of chlorination could be prepared. Conditions which
were used to obtain this variation were light intensity, reaction time and
chlorine concentration. Bromination was not found to be as versatile, as
long reaction times were required for reaction, and inhomogeneity of
bromine content on films was observed. Chlorinated polypropylene
surfaces were found to be too soluble for subsequent reactions. Although
the halogenated polyethylene surfaces could be dehydrohalogenated, the
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utility of halogenation as a reactive handle was found to be limited as
substitution reactions did not proceed at all. The control of the
chlorination reaction developed is promising as a means of modifying the
surface properties of PE (or other polymers), particularly the
permeability.
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APPENDIX
This Appendix contains tables of experimental data for both parts of
this Thesis. Some blanks occur in the tables because both contact angle and
XPS data were not always obtained from all samples; these spaces are not
typographical errors or omissions.
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Table 1. XPS and Contact Angle Data for PCTFE-TMO Annealing
30
35
40
45
XPS hours
PCTFE-TMO
XPS Atomic Concentration
£ N Q E
'
15775°
o %CF2
h.594 58
5
5
10
10
11
22
3
6
3
1 81 o
72/20
h506
70
1
L
64
10
8
10
16
7
11
0
1
0
Q
72/20
h908
0/
57
4
6
10
7
16
24
3
7
4
2^
72/20
Cotd.
h776
65
55
8
5
13
9
12
22
4
8
3
12
72/20
esca.
h552
68
63
6
6
12
11
9
14
2
5
3
11
72/20
esca.
h641
64
57
6
5
9
7
17
24
3
8
?
23
una1 LIZA)
xps.
e236
71
64
6
4
9
7
10
16
3
8
4
23
72/20
PCTFE-TMO annealed 100 °c
esca.
h584
5 64
59
c0
6
13
11
11
19
3
5
6
18
79/32
esca.
h.585
10 61
62
6
5
13
12
14
16
4
5
8
16
82/38
esca.
h586
15 60
58
5
4
13
11
16
20
4
7
13 86/43
esca.
h.587
20 59
55
6
6
11
10
18
22
6
7
15
23
88/46
esca.
h511
25 60
61
6
6
10
10
18
18
4
5
12
19
91/43
92/48
92/52
88/49
89/57
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Table 1 , Com.
172
196
217
PCTFE-TMO Annealed 110 °C
XPS hours
XPS Atomic Concentration
C N 0 F
15775°
CI %CF9
esca.
h512
50 58
62
7
6
8
10
21
18
4
4
13
19
92/48
esca.
h514
74 54
55
5
4
9
9
24
24
5
7
18
21
esca.
h595
95 JO
58
5
4
H
1 11 1
21 6
5
14
20
97/58
esca.
h515
102 53
58
3
6
10
12
25
18
5
5
19
1Q
esca.
h516
122 57
61
5
55
11
12
20
17
5
4
17
18
esca. 146.5 53 2 11 25 6 20
20
h521 54 5 11 20 5
esca. 2.5 60 7 9 19 4 9
h757 59 5 10 20 6 22
esca. 5 57 4 10 22 5 12
h756 5 5 10 24 6 25
7
esca. 9.5 53 3 10 27 6 21
h755 52 3 9 29 7 30
23.5
esca. 31.5 46 3 8 33 8 31
h752 49 4 7 31 8 39
45.5
esca. 69 46 3 7 36 9 42
h753 45 3 7 36 9 42
94/55
95/53
93/48
84/40
90/46
91/50
92/52
95/60
95/60
98/64
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Table 1 , Cont.
XPS hours
80
esca. 92
h828
esca. 120
h826
esca. 143
h825
esca. 165
h827
PCTFE-TMO annealed 90 °C
c
XPS Atomic Cone, 15775
N 0 F CI %CF<>
100/65
42
A A44
2
2
6
7
41
37
10
9
47
45
96/63
33
45
4
3
6
1
44
36
10
9
39
49
97/62
38
41
4
3
5
6
43
40
11
10
57
50
101/64
39
43
1
2
6
7
42
38
10
9
52
50
97/60
esca.
no/y
8
12
55
54
5
4
12
8
2
26
5
8
4
29
78/40
78/36
esca.
h671
18
24
34
62
56
6
4
11
9
16
24
4
7
6
27
79/44
80/38
84/40
esca.
h681
36 58
52
4
4
10
8
21
26
4
9
9
29
86/37
esca.
h677
60 57
51
5
4
8
6
24
31
6
9
12
35
86/47
esca.
h680
84
113
56
51
3
4
10
8
23
28
6
8
11
33
88/47
86/47
esca.
h672
133
165
45
50
5
3
10
8
30
30
5
8
12
36
89/51
91/50
esca.
h682
201 53
53
4
4
10
8
25
27
6
7
11
32
91/50
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XPS hours
249
Table 1 , Cont.
XPS Atomic Cone, 15775°
C N O F CI %CF?
PCTFE-TMO annealed 80 °C
91/50
92/52
esca.
h629
8 68
55
7
5
7
9
14
23
3
7
1
25
73/28
esca.
h626
15 63
58
6
5
12
9
13
21
3
7
2
22
72/32
esca.
h631
23 61
57
6
4
11
9
15
22
4
7
4
25
72/33
esca.
h630
30 62
56
7
5
11
9
15
22
3
7
3
24
73/32
esca.
h627
JO 60
55
6
3
11
9
18
24
4
7
6
28
79/42
esca.
h637
69
82
61
56
4
3
15
11
12
21
2
7
3
23
86/42
83/39
esca.
h632
103.5
129
139
61
56
5
5
13
10
16
22
3
6
5
25
84/42
89/42
esca.
h633
161.5 62
59
6
3
12
9 21
9
6
9
24
esca.
h636
188 60
58
6
4
12
10
16
21
4
6
5
23
80/41
PCTFE-TMO Annealed 70 °C
esca.
h799
24
96
69
60
8
5
8
7
12
20
3
8
7
18
76/24
75/28
esca.
h800
147 68
63
6
6
12
11
9
14
2
5
3
11
76/25
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Table 1, Cont.
XP£hQU£s£NQFClSi %CFo
esca. 221 71 6 Q in -3
h919 fl a I 9 I 10 76/34
23
262
PCTFE-TMO Annealed in H20, 100°C
77/30
h
s
87
a
6 " S i }3 fi 2
2
8
7
69^
7 64/19
27
6 67/17
25
esca.
h892
esca.
h893
10 63 7 14 11 3
51 4 13 16 6
29 57 5 19 10 4
60 3 15 15 7
49 55 7 19 13 4
60 4 14 15 7
76
96
67/15
71/24
Re-Annealing of Reconstructed PCTFE-TMO at higher temp.
PCTFE-TMO annealed 5 days, 80 °C
xps. 59 5 12 4 1 9 85/47
e295 58 5 8 7 0 25
PCTFE-TMO annealed 5 days 80 °C, then 48 h 1 10 °C
xps. 56 6 25 9 1 35 95/54
e305 56 6 23 10 0 37
Annealing of Reconstructed PCTFE-TMO in H 20, 100 °c
PCTFE-TMO annealed 103 h, 100 °C
esca. 54 3 10 26 6 18 94/52
h905 58 2 10 26 4 20
PCTFE-TMO annealed 103h,100 °C, then in H20, 100 °C
esca. 39 h 57 1 15 20 5 2 17 76/11
h920 50 2 11 28 5 1 34
h935 100 h 57 2 16 17 6 2 18 79/37
51 2 12 29 5 1 33
esca. 100 h 55 3 17 15 6 4 19 80/41
h940 59 2 12 27 5 5 32
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2. XPS and Contact Angle Data for Annealin
ofPCTFE-COOH at 100 °C
xps hours £
ATj /Aiomic
N
Cone, 15775°
Q F O %CF2
xps.
al78
0 48
44
2
2
12
8
30
36
7
10
39
52
74/0
xps.
al79
0 50
44
2
2
11
8
30
37
7
10
39
53
74/0
xps.
al91
1.3 54
47
2
1
11
8
27
35
6
9
29
46
79/19
xps.
al90
3.4 53
47
2
2
12
8
27
33
6
9
30
45
81/16
xps.
oO 1 AaZ14
7.4
21
52
46
2
1
10
1 36
7
10
32
50
88/25
Qy/14
xps.
al89
31.5 56
49
2
2
11
8
24
33
7
9
26
43
xps.
a247
49.5
130
50
48
2
2
11
8
33
32
5
10
29
47
89/32
92/34
xps.
a248
144 50
48
2
2
13
8
30
32
5
10
25
43
92/42
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Table 3. Reduction of PCTFE-COOH to PCTFE-CH2OH.
vpq n x T ^ Atomic Conc > 15°^5°m £ S Q E fl %cf,
PCTFE-COOH reduced to PCTFE-CH2OH
xps. 57 2
a227 49 1
xps. 56 2
a99 46 2
12 23 6 22
7 34 9 44
11 23 7 25
8 33 11 42
PCTFE-CH2OH + heptafluorobutyryl chloride
XPS- 49 2 13 30 5
al40 45 1 10 36 9
27
38
77/17
77/20
xps. 50 2 10 31 7
a228 44 2 7 38 9
PCTFE-CH2OH + trifluoroacetic anhydride
xps. 46 2 16 32 4
a278 45 2 10 37 6
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Table 4. XPS and Contact Angle Data for Annealing of 50 A
PCTFE-OH at 100 °C.
XPS houri)
XPS Atomic Cone. 15°/75
£ Q F
O
Q %CFo
esca.h
1 ^ACi1 JOU
0 61
55
12
11
23
28
3
6
6
16
71/24
esca.h
1562
0 £101
55
12
11
23
28
3
5
7
20
71/24
Cotd. J)
979
53
51
13
11
25
31
5
6
14
23
82/43
esca.h
1281
28.3
45
54
53
14
13
25
28
3
5
12
18
89/44
94/58
esca.h
1339
68
73
50
52
16
12
28
30
3
5
14
19
95/65
92/65
esca.h
noa980
94.5 50
50
10
9
32
33
5
8
19
29
97/69
esca.h
1368
119 52
51
12
12
29
30
4
5
1 8
25
Qf\/A QVU/4o
esca.h
1409
192 47
50
12
10
35
33
4
6
23
26
92/55
esca.h
1474
288 51
50
13
11
30
33
3
5
19
19
95/57
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Table 5. XPS and Contact Angle Data for Annealing of 1 100A PCTFE-OH
at 100°C.
YDC , Atomic Concentration, 15775°XE£ tais £ Q F O %£F2 ^
esca.h 0 <5S ia t> i
1563.V1 li \i 11 i 1 68/25
esca.h
1556.V1
esca.h
1279.V1
esca.h
5 14 22
57 13 22
0 60 15 22
63 13 22
28 56 20 20
59 18 21
68 52 17 28
57 15 26
2 5
0 1 68/25
1 0
0 6 69/37
0 7
1337.V1
1
1 4 75/38
5
esca.h
1369.VI
esca.h
1411.V1
esca.h
1473.V1
119 53 11 32 4 5
50 10 34 5 6
192 63 17 17 0 4
63 15 19 1 5
288 62 15 21 0 5
60 15 24 1 6
84/50
84/50
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Table 6. XPS and Contact Angle Data for Annealing of 30A PCTFE-OH
at 100 and 110°C.
XP$, hour$
30 A PCTFE-OH
XPS Atomic Cone, 15775°
£ Q E o %CF2
fiaOr
xps.bl5 0 67
65
12
Q
18
1 c\19
3
7
9
20
78/30
xps.ell9 0 65
61
10
7
19
LI
4.
8
14
22
78/30
xps.cl31 0 65
59
11
10
20
15
4
7
10
21
78/30
30 A PCTFE-OH Annealed 110 °c
xps.el31 1 63
59
8
8
23
25
5
8
18
24
83/29
xps.el32 5 63
59
8
7
23
25
6
0
18
25
xps.el37 8 60
57
10
8
21
25
6
9
17
26
88/40
xps.el30 15 58
56
8
8
26
27
7
9
22
27
xps.el04 19.5
24
57
55
9
9
25
26
8
9
23
25
90/47
xps.el05 41
120
57
57
9
9
24
24
1
8
23
25
91/47
91/48
30 A PCTFE-OH Annealed 100 °c
4.5 83/55
7.8 84/34
xps.e85 25.5 63
57
8
7
22
25
6
9
18
25
30 87/37
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Table 6, Cont.
XPS
xps.dl
hours
45
XPS Atomic Cone, 15°/75°
Q Q E CI %CF9
59 y I? 5 2052 8 31 7 23
xds e98 40 64
60
8 23
8 24
6 20
8
90/46
xps.el03 70
20
xps.cl61 78 65
60
11 19
10 22
4 20
7 22
xps.d22 97
1 in130
59
56
10 22
9 25
6 18
9 22
90/46
acslll
xps.el
152
200
60
57
59
58
10 21
8 25
10 22
9 24
6 17
8 24
6 20
8 23
Table 7. Reactions of 30 A PCTFE-OH.
not.
ref
reactant solvent XPS file c.a.
4.90 acetyl chloride 1 THF xps.cl75 79/47
4.107 40 THF xps.c33
46 heptane xps.el08
4.75 trifluoroacetic
anhydride
25 THF xps.b38 100/65
4 \V7 trimethylchloro
silane
40 THF xps.cl52 90/58
2.133 heptafluorobutyryl
chloride (50 A)
25 THF esca.hll95.Vl 100/65
2.140 25 THF esca.hl281.Vl 100/65
4.107 decanoyl chloride 40 THF xps.c35 76/27
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not.
reL
5.23
4.64
4.75
4.75
4.137
Table 8. Reactions of 1100 A PCTFE-OH
acetyl chloride
butyryl chloride
trifluoroacetic
anhydride
decanoyl chloride
trimethylchloro-
silane
h VDC C 1APIS file ATR-IR
file.
46 heptane xps.el 10 ec5p26
40 THF xps.b40 ec4p66a
25 THF xps.b45 ec4p66b
40 THF xps.el 10 ec4p87
40 THF xps.cl55 ec4pl41
Table 9. XPS and Contact Angle Data for Annealing of
Modified PCTFE-OH.
vdc cm . ^ XPS Atomic Cone, 15775°XPS Fllc tes lemc £ Q F q §i %CFo
( Q)
Acetate (PCTFE-OC(0)CH3 )
xps.cl75 0 61 14 18 4 15
,59 11 22 7 23
xps.el 15 27 100 64 14 18 3 14
64 14 18 3 25
xps.c49 50 100 58 17 14 6 14
60 14 20 6 24
24 110
xps.cl08 99 110 52 19 14 6 14
63 14 18 5 25
xps.e49 72 110 66 21 9 2 16
58 19 14 6 26
fiaZfir
79/47
84/52
83/41
84/51
90/45
90/46
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Table 9, Cont.
XPS file hours Temp
CQ
XPS Atomic Cone,
Q I a
15775°
Si %CF->
e,/e r
Heptafluorobutyrate (PCTFE-OC(0)(CF2)2CF3 )
esca.hll95 0 42
43
9
8
47
45
1
4
30
33
esca.hl280 28 100 41
43
12
9 45
0
3
32
35
100/70A \J\J 1 \J
esca.hl338 68 100 41
42
11
10
48
46
1
2
39
35
100/65
esca.hl366 119 100 43
44
10
10
45
44
1
2
29
32
103/65
esca.hl410 192 100 43
43
10
9
44
43
2
5
34
38
100/65
Trimethyl Siloxy (PCTFE-OSi(CH3 )3 )
xps.cl52 0 100 69
65
9
8
12
16
1
4
9
7
7
12
90/58
xps.d21 47 100 68
65
9
8
12
16
2
4
9
7
8
14
91/60
xps.e6 90 100 69
65
9
8
12
16
1
4
9
7
8
15
91/58
xps.e4 104 100 67
68
10
9
12
15
2
4
9
7
7
14
90/58
Trifluoroacetate (PCTFE OC(0)CF3 )
xps.cl57 0 62
57
14
11
20
25
z
7
1
0
10
15
100/65
xps.d20 47 100 60
58
17
15
19
22
3
5
1
0 19
101/61l\J l/KJJ
xps.e7 90 100 62
57
14
11
20
25
2
7
1
0
11
20
100/64
xps.e5 104 100 59
56
18
16
20
22
5
3
0
0
15
20
100/65
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•
Table 10. UV and Gravimetric Data for Annealing of PCTFE and
PCTFE-TMO.
hours, IQOT ^A^ ^Jm hoUrs 100°C -A A bs, 270 nmPCTFE DQ B. H) PCTFE-TMO
° 00 0 0.0
34 '5
.°-009 3.5 0.003
569 0-021 21.3 0.012
79.7 0.025 44.0
99 0.019 63.8
180 0.029 144
h
i 1Q0 °C Film Mass (m? )
0 63.714 74.465 71.981
3.5 63.674 74.415 71.933
11.0 63.673 74.415 71.931
20.6 63.673 74.415 71.931
43.3 63.673 74.414 71.929
144.1 63.675 74.417 71.929
229.2 63.672 74.410 71.922
0.012
0.025
0.024
170
Table 1 1
.
Chlorination of Polypropylene in 1 Atm. Cl2 with Hood Light
reaction time XP§ ATR
fiaZQr
XPS At. Cone. 15773
£ Q CI
0 (Polypropylene) xps. 154-5 ec7p8 108/84 100
100
0
0
30 sec xps.f213-5 ec7p66 92/60 70
78
30
22
2 min. xps.f216-9 ec7p68
• 54
62
46
38
5 min. xps.f220-3 ec7p67c 61
65
2
1
37
34
15 min. xps.f239-
242
ec7p74 95/60 58
55
1
2
41
43
1 min., rinsed CH2CI2 xps.el626-
9
ec7p40 76
80
1
1
23
19
1 min., rinsed CH2CI2 xps.f156-9 ec7p64 74
76
2
2
25
22
2 min., rinsed CH2CI2 xps.el544-
7
ec7p39 71
73
4
3
25
24
10 min., rinsed CH2CI2 xps.el488-
9
71
76
3
2
26
22
30 min., rinsedCH2Cl2 ec7p24
1 h, rinsed CH2CI2 xps.el238 ec7p6 93/60 70
76
1
1
29
23
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Table 12. Chlorination of LLDPE Films in 1 atm. CI2 with Hood Light
reaction timf XPS ATR, TIR
LV T J
XPS At. Cone. 1577'
£ q a
0 (LDPE) ecxps ec7pl05 106/82 100 0
1 on u
30 sec ecxps2b.273-6 ec8p7b 90/75 56 1 43
65 0 35
1 min. ecxps2984-9
55 2 43
OU 11 39
2 min. ecxps2b255-8 ec8p5 94/71 55 0 44
o / U 33
S min
~j 1x1111. ecxpszc.478-80 ec8p91c ec8p92d L 44
54 1 44
S mi n
' N Jill m% r\ mm n^ C\ 1 O ^\ Oecxpszy 18-23 ec8pl31c
L 44
54 2 44
> iiiin. ecxps338o-9 ec8p21 54 1 45
57 0 42
5 min. ecxps828-32 54 1 44
56 1 43
5 min ecxps2c 1025-8 ec9r>7
1
vv7U / 57 1 42
58 1 41
10 min. cuop^u
5U mm. ecxps473-6 ec8p91 ec9p92c 52 1
54 0 44
1 u
1 h ecxps2b.904-5 ec8pl6 93/62 52 1 47
55 1 42
5h JAH 993-8 VL- / p / VA^ 40 11
49 1 50
10 h ecxps2b.958-61 100/61 46 2 52
46 4 50
24 h ec7pll0
22 h ecxps2b.269 ec8p7 96/71 46 1 51
48 1 51
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Table 13. Chlorination of LLDPE Films in 1 atm. Cl2 in the Dark
time
30 sec
5 min
lh
lh
lh
lh
3h
5h
11 h
XPS flle ATRfile
ecxps2b 173-6 ec7pl40
ECXPS2B285-9 ec8p8
ecxps. 1402-6 ec7pl45
ecxps2b226-9 ec7pl54
lh ec8p8b
lh ecxps. 1567-70 ec8p9
ecxps2b902-6
ec8pl7
ecxps2b.941-4 ec8p20b
ecxps2865-71 ec8pl27b
XPS At. Cone. 15775
5 min. ecxps2c.468-72 ec8p91b ec8p92b
10 min. ecxps. 198 1-5
30 min. ecxps2c.462-5 ec8p91d ec8p92
lh
4 h ecxsp3382-5 ecxps21b
ecxps2c2999- ec9p70B
1003
ecxps.4022-6 ec9p69C
Qa/er C O £1
97 nu
96 3 1
99/78 93 C
98 0 2
91 J
94 1 4
91 3 AU
95 1 5
93 1I 7/
96 0 3
88 3 7
94 1 6
82 3 1 s
88 2 10
92/60
85 2 14
87 1 12
91 3 6
94 1 5
96/68 87 4 o
92 3 6
91 1 g
92 2 6
91 1 8
92 0 7
90 1 9
91 0 9
94 1 5
96 1 3
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Table 13, Com.
time xds file ATR file
XPS At. Cone. 1
c O CI
22 h ecxps2b.952-6 ec8n?1 84 6 8
90 3 6
22 h ecxps. 1572-6 ecSnl SvVOUu vz/oz 88 2 10
89 2 9
22h ecxps2c 1095-8 er7n1w
/ pi J
J
90 0 10
93 0 9
22 h ecxps3839-41 ec9p80B 84 6 8
90 3 7
24 h ecxps2b234-6 ec7pl55 90 3 7
• 93 1 6
Si
2
0
3
0
Table 14. Chlorination of LLDPE Films in 1 Atm. Cl2 with UV
Irradiation.
xps file
XPS At. ComD. 15°/7*
time ATR file C O CI
30 sec ecxps.2b987-80 ec8p24c 100/72 43 1 56
54 1 45
5 min. ecxps.2b983-6 ec8p24 100/72 42 1 57
54 1 57
1 hr ecxps.2b991 ec8p24b 99/65 42 3 55
42 2 56
6h ecxps.2b425 ec8p28 101/74 43 2 55
42 0 58
12 h ecxps2b.962-5 100/65 44 4 51
43 0 57
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Table 15. CMorination of HOPE Films in 1 Atm. Cl2 with Hood Light.
time, cone.
£
XPS At. Cone
Q O
0 (HDPE) ecxps2cl071-3 ec7p22 108/62 100 0
100 nu
5 min. ecxps3850-55
55 0 45
66 0 34
5 min. ecxps9 18-21 ec9p50 94/65 1 44
55 1 44
10 min. ecxps2.557-63 ec7pl29 54 6 38
59 4 36
1 h ecxps2.95-98 93/62 57 2 41
60 1 38
Si
1 h ec7pll5
Table 16. Chlorination of PP and PE Films in H2O.
XPS At. Cone, I5°m
reaction time C O O Si
PP, 15 min. xps.f3 19-23 ec7p86 80 9 8 3
87 6 5 2
PP, 15 min. xps.f349-53 74 16 5 5
84 9 2 4
PP, 15 min. ecxpsl53-5 ec7pllOC 99/33 89 5 7
88 6 6
LLDPE, 2 min ecxps 1442-5 91 3 6
92 3 5
LLDPE, 30 ecxps.2b2-5 ec8p82 89 4 8
min. 90 3 7
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Table 17. Chlorination of PE Films with Reduced Cl2 Pressure
in the Dark.
time, cone,
100 mm,
12 h
50 mm,
2h
50 mm,
2 min.
XPS At. Cone. 15775°
Ara rile ATR-IR flip £ Q O si
ecxps3032-4 94 2 4
96 1 3
ecxps2c.487 ec8pl01b 98 2 0
99 1.02 0
ecxps2c.344-5 ec8p55 88 7 2 3
97 2 0 1
Table 18. Chlorination of PE Films with Reduced Cl2 Pressure and Hood
Light.
XPS At. Cone. 15775°
Si
time, cone. xps file atr ir file
10 min., 2 mm ecxps2871-6
30 min, 2 mm ecxps2877-82 ec8pl27
(Case IV) F
30 min., 2 mm ecxps2cl058-9
(Case IV)
Case IV ecxps2c4396-9
Case IV ecxps4584-7
Case IV ecxps4771-5
Case IV ecxps4637-40
2 min., 50 mm ecxps2c338-43 ec8p56 75 3 20 2
1
2 min., 50 mm ecxps2c 1092-7 ec9p86
c O O
97 1 2
98 1 1
98/65 85 4 10
91 2 7
98/60 95 1. 4
98 0 2
98/65 90 0 10
93 0 7
89 1 9
94 6
85 3 13
90 1 9
87 1 12
91 0 9
83 2 15
80 0 19
88 0 12
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Table 18, Com.
time. cone. xps
atrir
XPS At. Cone. 15°/75°
Qa/Qr ^ O CI Si
2 min, 50 mm ecxps2c. 1145-51
70
OO
8
L
22
12
2 min., 50 mm ecxps2c 1204-66
77
87
1
i
1
22
1 o12
2 min., 50 mm ecxps2c 1216-20
75
OJ
i
nu
25
17
5 min, 50 mm ecxps2c251-55 ec8p60 63
68
5 32
LI
5 min., 50 mm ecxps2c.280-5
62
68
3
D
35
Ly
1
U
30 min,
50 mm
ecxps.2278-83 ec87p67 58
64
2
ii
40
24 h, 50 mm ecxps2c.354-9 ec8p60 41
51
8
6
47
43
2
1
1.5 min.,
100 mm
ecxps3041-46 ec8pl41 68
74
1
0
31
26
1.5 min.,
100 mm
ecxps3 120-2 ec8pl44 71
79
1
0
29
21
1.5 min.,
100 mm
ecxps3 172-5 ec8pl47 1
75
1
1
28
25
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Table 19. Chlorination of PE with Reduced Cl2 Pressure and
Irradiation.
time, cone, xds file. ATR-TR file.
XPS At. Cone. 15775 0
1 min.,
2 mm
ecxps2729-34 ec8pl23b 72
80
2
1
26
19
2.5 min.,
2 mm
ecxps2723-8 ec8pl23c 57
65
3
2
40
32
5 min.,
2 mm
ecxps2974-5 ec8pl31b 64
72
2
1
34
Z /
5 min.,
2 mm
ecxps2735-40 ec8pl23 51
59
4
3
45
5 min.,
2 mm
ecxps2675-80 ec8pl20 55
66
3
2
42
5 min.,
5 mm
ecxps2645-51 ec8pll9 97/62 50
56
2
1
48
5 min.,
5 mm
ecxps2640-5 ec8pll9b 96/64 51
54
1
i1
48
4S
5 min.,
5 mm
ecxps2c 1060-2 98/65 50
55
1
1
48
44
5 min.,
50 mm
ecxps.2583-8 ec8pll6b 58
56
6
2
35
42
5 min.,
50 mm
ecxps2c491-5 ec8pl01c 51
53
2
0
481
47
1 hr,
50 mm
ecxps.2589-94 ec8pl!6 53
57
3
1
45
42
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Gravimetric Data for Chlorination of PE Films.
DARK
rxn time A m C\ipjc.m2\
30 sec 22.6
2 min 52.4
5 min 67.9
5 min 56.4
5 min 118
20 min. 141
30 min 209
30 min 186
30 min 247
7h 231
17.9 h 394
24 h 386
DARK
2h 18.2
10 h 48.4
2mm, 1 min. 0.000
2mm, 30 min 0.000
2mm, 5 min
4.7 mm, 5 min
9.5 mm, 5 min.
47 mm, 5 min.
1 Atm. Cl2
HOOD LIGHT UV irradiation
rxn rime Ajm_[|ig/cm_2) rxn time m 111 \ H^/lill )
30 sec 15.8 10 min If* Azo.o
5 min. 23.1 30 min JH.Z
5 min. 25.5 10.5 h
10 min 22.4 21 h
20 min 32.8
30 min. 44 4
30 min. 51.0
30 min. 52.4
6.3 h 212
18.6 429.3
18.6 h 464
22.0 h 790
26.7 h 867
50 mm CI 2
HOOD LIGHT UV IRRADIATION
2 min 2.00 5 min. 4.44
5 min 5.77 lh 17.4
20 min 11.1 10 h 77.2
4.5 h 31.5
lOh 42.6
24 h 134
0.666
2.22
3.11
4.44
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Table 21. Bromination of LLDPE Films.
time mL xps
atr ir
XPS At. Cone. 1577
£ Q Br
4h ecxps.2290-5 98/65 89
97
1
1
10
3
20 h ecxps4845-8 o o88
93
1
1
11
2
24 h D{y) ecxps2c 1946-50 ecl0p2l o o88
93
3
0
10
7
1 0 mini \y iiiiii. ecxps2c77o-80 ec9p4lb
95
2
1
6
4
1 h11 1 f\(\Aiv[y) ecxpszc/ 47-51 ec9p40 83
91
2
2
14
7
^ h
' ii 1U(V) ecxps.40lo-2l ec9p89b oj
91
3
2
13
7
1 fVi»\IU(v) ecxps342l-6 ec9p34b 86
88
1
0
13
12
3.5 i0(v) ecxps.3445-8 ec9p37 86
91
4
2
10
7
9h 10(v) ecxps2cl 004-8 ec8p70 73
83
1
1
26
16
9h 10(v) ec9p63b
9.5 h 10(v) ecxps2c753-7 ec9p40c 72
79
2
2
26
20
3h 0.002(1) ecxps34l5-8 ec9p24b 93
95
2
1
5
4
3.5 h 0.002(1) ecxps3427-32 ec9p35a-d 87
91
2
2
11
7
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Table 22. Solvent Stability of Chlorinated PP Films.
reaction rime XP£ ATR
XPS At. Cone. 15'
£ q a
PP-C1 xps.f220-
223
ec7p67c 61
65
1
1
37
34
refluxing heptane
1 h
xps.f292
(15°)
ec7p81 100 0 0
heptane, 25°C xps.f291
(15°)
63 0 37
DMF, 25°C xps.f343-4 72
70
3
4
24
23
THF, 25°C xps.f322-3 73
74
3
4
24
23
refluxing THF 1
hr.
xps.f320-l ec7p65 86
91
3
2
11
8
reflux. THF 10
min.
ecxps2.76 ec7pll0 82
94
4
3
13
15
acetone, 25°C xps.f341-2 72
71
3
3
24
26
benzene, 25°C xps.f337-8 75
75
1
2
24
23
methanol, 25 °C xps.f339-
40
69
69
8
4
26
27
H20, 25 °C ecxps2.127
-30
71
72
11
6
17
23
H20, 100 °C ecxps2.131
(15°)
77 15 3
CH2C12 , 25 °C xps.f232-5 73
75
1
1
26
24
Si
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Table 23. Solvent Stability of Highly Chlorinated PE Films
time cone XPS At - Conc - 15°/75°
PE-C1 (5 min. 1 atm envne
Cl2 , lab light.)
PE-C1 rinsed
CH2CI2, 25 °C
PE-C1, heptane
70 °C, 3h.
' J
3h
PE-C1, CH2C12 ,
25 °C, 3 h.
PE-C1, extracted
4.5h with heptane
ecxps828-32 54 11
57 0 43
ecxps2.564-5 Jo 0 35 1
67 1 30 0
ecxDs2c2462-5 5 34
67 2 31
ecxps2c2466-70 65 8 24 3
73 5 22 1
ecxps2c2457-62 67 3 30
73 1 26
ecxps2.573-4 68 1 32 0
62 1 30 1
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Table 24. Dehydrochlorination of Lightly Chlorinated PE Films
with DBU.
to issjc xps fife « /a r n 01
(h) (C) — SaZQr L Q O N £i
PE-C1 ecxps 98/65
4584-7
Control: PE-C1 in heptane
1 70 ecxps2c
4396-9
3 50 ecxps2c
1218-21
17 70 ecxps2c
1315-8
PE-C1 + DBU
1 50 ecxps2c
1227-30
8.5 70 ecxps2c
1233-6
17 70 ecxps2c
1393-5
26 70 ecxps
4783-6
43 70 ecxps
4508-11
55 70 ecxps 89/42 91
4600-3
c X T
89 11 9
93 1 5
90 1 10
92 0 8
85 J 1 11 1
90 2 8
88 2 11
91 1 OO
89 1 10
93 0 6
91 0 9 0
94 \j CD 1
90 2 6 1
92 2 I1
84 6 6 2
89 4 6 1
84 4 8 1
93 2 4 1
1 5 3
94 1 5 0
1
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Table 25. Dehydrochlorination of Highly Chlorinated PE Films
with DBU.
te i£m£> 2CP$ file
, ATR m(h) (C) 1 JR
PE-C1 (5 min. 1 atm. Cl2, hood light)
EE£I ecxps2c ec9p91c
478-0
PE-q + nmnn hTfr?
1 70 ecxps ec7pl31
.801-4
18 70 ecxps ec8pl31
2970-1
28 50 ecxps2c ec9p77
1063-6
PE-CI (I min. 1 atm. CI2, hood light)
PE-C1 ecxps ec8pl39
2984-9
PE-CI -1- DBI
J
1 70 ecxps ec8pl39c
3002-3
PE-CI ecxps ec8pl39
3117-22
PE-CI + DBU
7 70 ecxps ec8pl43
3082-4
7 50 ecxps ec8pl42
3062-8
20 70 ecxps ec8pl47B
3237-8
PE-CI (2 mm, 5 min., UV irrad.)
PE-CI ecxps ec8pl31b
2974-5
PE-CI ± DBU
18 70 ecxps ec8pl39b
2972-3
£ Q O N
54 0
54 0 33
82 4
84 4 10 3.15
86 9 1 50 c85 8 1 6
85 6 3 6
80 8 4 8
55 2 43
60 1 39
94 4 2
96 2 2
light)
71 1 29
79 0 21
89 4 6 1
86 4 8 2
91 5 4 1
88 4 6 1
89 6 3 2Art
88
.)
7 3 2
64 2 34
712 1 27
92 5 1 2
91 5 1 3
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Table 26. Dehydrochlorination of Brominated PE Films with DBU
X **" 4ttJE C Q N Br Si
Control: PE-Br in heptane
17.5 70 ecxps ecl0p22 94 3 34865-7 96 1 3
PE-Br + DBU
17.5 70 ecxps ecl0p50 94 4 1 2
4860-4 96 2 0 ]
Table 27. Bromination of Unsaturated Surfaces Produced by
Dehydrohalogenation of Halogenated Surfaces.
Sample
Elim. PE-C1
Control: PE-C1 +
Br2
Elim. PE-C1 + Br2
ecxp§ £ Q a N Br Si
ecxps 91 l 5 3
4600-3 94 l 5 0
ecxps 86 2 12
2cl233-6 89 1 10
ecxps 86 8 2 1 3
3258-9 91 4 2 1 3
ecxps 74 10 4 4 6 2
4536-9 85 7 3 2 5 1
ecxps 83 5 3 2 8
5401-4 86 3 3 1 6
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Table 28
Sample
Hydroboration/Oxidation of Eliminated Surfaces
Elim. PE-C1
elim. PE-C1 + BH3
then NaOH/H202
Control: PE-C1 +
BH3 , then
NaOH/H202
Elim. PE-Br
Elim. PE-Br + BH3 ,
then NaOH/H202
XPS
ecxps
4600-3
ecxps
4618-22
ecxps
4614-17
ecxps
4860-4
ecxps
2c2299
2301
ATR-IR
ecl0p22
ecl0p50
Q O N Brcv ow XTIN
89/42 91 1 5 3
94 1 5 0
87/16 92 6 3
94 4 2
85/40 85 6 9
89 3 81
89/54 94 4 1
96 2 0
86/33 91 9
93 7
2
1
Table 29. Reaction of Chlorinated PE Surfaces with NaNH2
Q Cl Nh XPS file QaZSr C O
PE-C1 ecxps 98/65 85 3 13
4771-5 92 1 7
Control: PE-C1 in THF 21 50 ecxps 84 6 10
5044-8 90 4 5
PE-C1 + NaNH2in THF 2 55 ecxps 105/69 95 1 4
5039-43 98 1 2
21 50 ecxps2c 102/64 94 2 4
1979-83 99 1 0
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T
mO llxetr^rf CWorinatelPE™™ with Sodium Hydroxide inH20 W1th Tetrabutylammomum Bromide as Phase-Transfer Catalyst.
h XES
(U.i"l Q a
Control: PE-C1 in HoO
18 70 ecxps 85/32 73 14 10
4706-8
• / \J\j o i1 8
18 70 ecxps 83 6 12
4623-4 OH 1 11 1
18 70 ecxps 83 7 10
4671-5 86 o
PE-C1 + NaOH w/TBAB
8 60 ecxps 81 8 1
2276-80 90 4 3
20 70 ecxps 92 3 5
4760-3 94 2 4
21 70 ecxps2c 87/29 83 10 6
1672-5 88 8 4
26 70 ecxps 86 8 6
4709-12 92 5 3
N
4
2
Table 3 1
.
Reaction of Chlorinated PE Films with Lithium Diisopropyl
Amide in Heptane.
h XPS Mr £ O O N
PE-C1 ecxps2c 98/65 90 0 10
4396-99 94 0 6
Control: PE-C1 in heptane 17 70 ecxps2c 88 2 11
1315-8 91 0 8
PE-C1 reacted with LDA in 20.5 60 ecxps2c 87/50 91 4 4 1
heptane 1970-3 97 3 0 0
35 60 ecxps2c 88/55 91 4 4 1
2219-22 95 3 1 1
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Table 32. Reaction of Halogenated PE Films with NaN3
Sample
OH
£ mm* Mr Q O N Br S
A. in DMF
PF-C1
ecxps 98/65
4584-8
89
93
1
l
9
5
Control: PE-C1 5
in DMF
50 ecxDs2c
1426-9
OO
93
5
2
9
6
PE-C1 + NaN3 5
in DMF
50 ecxDS 94/SO
4504-7
oj
91
r
O
3
10
6
1
0
PE-Br ecxps 98/65
2290-5
89
96
1
1X
10
3
Control: PE-Br 1
in DMF
60 ecxps
2c2416
88
95
5
3
7
3
PE-Br + NaN3 14
in DMF
60 ecxps
2c2315
91
95
2
2
2
2
4
2
B. in H2O with tetrabutyl ammonium bromide
Control: PE-C1 8
in H2O
w/TBAB
70 ecxps
2276
83
88
6
3
12
9
PE-C1 + NaN3 21
U1H2O
70 ecxps2c 94/60
1672-5
75
845
155
8
9
8
1
0
w/TBAB
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Table 33. Reaction of Halogenated PE Surfaces with NH3 .
Sample k £ XPS ATR-IR
PE-Cl(30min, 23 25 ecxps
2T, lab light) 4858-9
+ NH3
PE-C1(100T, 24 25 ecxps
1.5 min, 1.1) 704.5
+ NH3
PE-Br + NH3 12 25 ecxps2c ec9p40b
750-2
PE-Br + NH3 24 25 ecxps2c ec9p45b
786-7
c O O Br
88 3 8
91 2 7
77 2 21
81 1 18
87 5 8
93 2 5
87 1 13
88 0 11
Table 34. Reaction of Halogenated Films with Triphenylphosphine
Sample h XPS
e a/er C O £1 Br
PE-C1 ecxps 98/65 89 1 9
4584-8 93 1 5
Control: PE-C1 in THF 15 25 ecxps 85 6 9
4604 90 5 5
PE-C1 + P(CH3)3 in THF 15 25 ecxps 96/60 81 8 11
4610 87 5 81
PE-Br ecxps 89 1 10
2290-5 97 1 3
Control: PE-Br in THF ecxps2c 91 4 5
2411-3 93 3 4
PE-Br + P(CH3)3 in THF ecxps2c 92 2 5
2421-4 94 2 4
1
0
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Table 35. Reaction of Chlorinated PE Surfaces with H20 and PdCl2
SamPle time SQ XPS file
PE
-ci
ecxps
4584-8
PE-CI + H20 and PdCl2 18 70 ecxps
4791-3
PE-CI + H20 and PdCl2 20 50 ecxps 93 3 3 iinMeOH isnw ni X. t 1
c Q CI
89 1 9
93 1 5
85 6 8
88 5 7
95 3 2 1
Table 36. Freidel-Crafts Reaction of Chlorinated PE Surfaces
with Phenol and AICI3.
il £ ecxps c O CI
a. in nifrobenzenp.
Control: PE-CI + AICI3 in nitrobenzene
20 25 4819-21 89 3 7
92 2 6
PE-CI + Phenol and AICI3 in nitrobenzene
20 25 4816-8 90 2 8
91 2 8
b. in chlorobenzene
Control: PE-CI in chlorobenzene
0.75 60 2c2391- 92 3 5
3 94 3 3
24 60 2c 1967- 88 11 2
9 93 6 1
PE-CI + Phenol and AICI3 in chlorobenzene
0.75 60 2c2386- 94.00 3 3
88 95 3 2
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Table 37. Reaction of Halogenated PE Surfaces with Silver
Tnfluoromethanesulfonate in THF.
PE-C1 (100T, 1.5 min., ecxDs 71hood light) 3^ ]l J 29
PE-Cl + AgTrifinTHF ecxps 68 15
PE-Br
1004-9 80 1
PE-Br + AgTrif in THF ecxps2c 75
O Bj Si
13 43483-7 66 15 16 3
ecxps2c 73 1 26
19
18 7
1049-53 76 20 4
Table 38. Reaction of Brominated PE Surfaces with
Lithium Dibutylcuprate.
Cu
^"^r ecxps
.4016
PE-Br + Lithium dibutyl ecxps cc*p*u
CUpratC 4011 8 n o.53
ATR-IR £ O Br
ec9p89b 85 3 13
90 2 9
e 9 90 89 10 0
95 0
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